Novel percrystallisation process by inorganic carbon membranes by Madsen, Rasmus
  
Novel Percrystallisation Process by Inorganic Carbon Membranes 
Rasmus Skov Klitgaard Madsen 
Bachelor of Science 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A thesis submitted for the degree of Master of Philosophy at 
The University of Queensland in 2018 
School of Chemical Engineering
Page | i  
 
 
Abstract 
This thesis demonstrates, for the first time, the use of sucrose derived inorganic membranes for 
crystallisation. In addition, this thesis also shows, for the first time, a process where solvents and 
solutes are separated in a single step, contrary to polymeric membrane crystallisation which requires 
two extra steps downstream to filter and dry crystals. There are two further major aspects of this first 
demonstration as a contribution to the body knowledge in the area of crystallisation.  
The third novelty is the demonstration of the percrystalisation transport mechanism, occurring as the 
solution permeates through the membrane where a wet thin film is formed on the permeate face of 
the membrane. The wet thin film forms a solid-liquid-vapour interface. At this interface, effective 
evaporation of the solvent occurs under a vacuum, resulting in the crystallisation of the solute on the 
membrane surface. Hence, a unique single step separation process occurs as the solvent evaporates 
and concomitantly the crystallised solute is continuously ejected from the surface of the membranes. 
This novel process is called percrystallisation reflecting the single step permeation and crystallisation. 
Additionally, this process is able to produce essentially pure water at rates comparable to reverse 
osmosis. This is possible, even at a concentration that far exceeds the capabilities of reverse osmosis. 
Further, high production crystallised solute rates are achieved as one metre square of membrane can 
deliver crystallised NaCl fluxes of up to 48,000 kg m-2 per year. 
The fourth additional demonstration is related to morphology of the membrane and process operations 
in affecting crystal formation. For instance, by varying carbonisation temperature and feed 
temperature or vacuum pressure, it is possible to tune the crystallite size and particle size state of the 
treated solute. Indeed this thesis demonstrates how sodium chloride particles are produced with a 
much smaller and narrower particle size distribution compared to conventional methods. Likewise, 
changes in the carbon content of the membrane, feed temperature, and feed concentration are able to 
produce nickel sulphate with different hydration states.  
This thesis further shows examples how versatile membrane percrystallisation can be for processing 
several types of solutes such as paracetamol (a pharmaceutical analgesic), Vitamin C (food and 
pharmaceutical compound) and several nitrate and sulphate salts for hydrometallurgy applications. 
This thesis opens a window of research opportunities to effectively crystallise compounds of 
interest for a wide spectrum of industries. 
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Chapter 1: Introduction 
1.1 Background  
Crystallisation of compounds is an important, and widely used unit operation in modern industries. 
For example, sugar production from sugarcanes in Australia, generates an annual revenue of 
approximately two billion Australia Dollars [1]. Crystallisation is used to produce an array of products 
through different approaches. To name a few, sodium chloride, as used in foods, is often produced 
by evaporation ponds [2], nickel sulphate, used in steel alloys and batteries [3], is industrially 
manufactured by either cooling crystallisation or evaporative crystallisation [4, 5] , and paracetamol 
is a pharmaceutical compound, is generally produced by antisolvent systems [6].   
There are several limitations and drawbacks of conventional crystallisation approaches, such as high 
energy consumption [7], low production rates [8], and poor control of the attained  product  size[9]. 
Recent research shows how membrane processes can be used for crystallisation of solutes, which can 
improve the aforementioned issues [10]. Membrane crystallisation has even been investigated for 
potential use in zero liquid discharge systems [11]. Increased interest in membrane crystallisation was 
closely followed by the development of novel polymeric membranes which offered good control of 
membrane properties [10]. The features of polymeric membranes allowed the units to be highly 
selective in mass transfer [12]. The use of polymeric membranes in membrane crystallisation involves 
the permeation of the solvent through the membrane and the formation of crystals on the feed side 
where the solute is concentrated. This means that the crystals are retained in a liquid suspension [10].  
The literature review in chapter 2 clearly shows that a major gap in crystallisation technology is the 
absence of inorganic membrane processes. All the publications on membrane assisted crystallisation 
sought from the open literature are focused on polymeric membranes. Therefore, it is postulated in 
this research thesis that inorganic membranes can be employed to assist crystallisation of solutes. 
This postulation forms the basis of the research work in this MPhil thesis. 
1.2 Scope and Research Contribution   
This research investigates the ability of inorganic membranes to be used for crystallisation 
applications. Based on the research gaps, it was further postulated that there is potential for carbon 
membranes for the crystallisation of solutions. Owing to the hydrophobic properties of carbon, this 
postulation stems from the fact that conventional polymeric membranes in thermal membrane 
distillation generally utilises hydrophobic polymers [13]. Therefore, the scope of this thesis covers 
carbon membranes, characterisation of porous carbon membranes using a number of techniques such 
as thermogravimetric analysis (TGA), helium pycnometry, mercury porosimetry, molecular weight 
(MW) cut-off experiments, and scanning electron microscopy (SEM). In addition, the operational 
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performance of the carbon membranes are determined in terms of fluxes of solvents and solutes as a 
function of feed concentration, feed temperatures and pressures. Finally, the crystallised solutes are 
characterised using X-Ray diffraction (XRD) and SEM analysis.  
There are four major outcomes of this MPhil thesis which form the basis of contributions to 
knowledge as follows: 
• First demonstration of inorganic membranes for crystallisation.  
• First demonstration of solvent and solute separation in a single step process. 
• Demonstration of the percrystallisation transport mechanism, occurring at a solid-liquid-
vapour interface at a wet thin film on the permeate face of the membrane.  
• Demonstration that the morphology of the membrane and process operations can be designed 
to control crystal formation.  
1.3 Structure of Thesis  
This thesis contains six chapters. In this section, a short description is given of each of these chapters. 
Chapter 1: Introduction 
A background for this work is given in the introduction. The background outlines the motivation for 
research in the area of crystallisation, scope, contributions to knowledge and outline the structure of 
the thesis. 
Chapter 2: Literature Review 
This chapter reviews the basic concept of crystallisation. Conventional crystallisation approaches are 
described, along with discussion of the limitations that the processes exhibit. It is then shown how 
membrane crystallisation is being researched to address the limitations and drawbacks of 
conventional crystallisation technologies. Preparation methods for inorganic membranes are outlined 
in this chapter along with potential advantages of these. The final section address current limitations 
of membrane crystallisation approaches and discusses gaps in the literature. 
Chapter 3: Paper 1 
This chapter sets the scene for the novel development of the membrane percrystallisation process, 
using sucrose derived carbon membranes. It is demonstrated how carbon membrane could be used to 
process an array of solutes (e.g., mineral, food, and pharmaceutical compounds). Further, this chapter 
elucidates the percrystallisation transport mechanism. This chapter has been published in the Journal 
of Membrane Science.  
Chapter 4: Paper 2 
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The chapter investigates the effect of membrane morphology and operating conditions on the 
formation of crystal size, particle size, and fluxes. This chapter also includes the preparation and 
characterisation of sucrose derived carbon membranes at various carbonisation temperature. This 
chapter has been published in the Journal of Membrane Science. 
Chapter 5: Paper 3 
This final experimental chapter addresses the percrystallisation of nickel sulphate. Different precursor 
concentrations were used, to determine the effects of sucrose concentration on morphology and 
membrane performance. Operating temperature and feed concentration of nickel sulphate were 
additionally tested. The ability to produce different hydration states based on operating condition is 
shown to be possible by optimisation of operating conditions.  
Chapter 6: Conclusion and Recommendations 
This chapter presents the overall conclusions of this thesis and present recommendations for future 
work.   
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Chapter 2: Literature Review 
2.1 Abstract 
This literature review consists of the current literature on crystallisation as a technology. The sections 
of this chapter are chosen in order to highlight the progression of crystallisation processes as well as 
outlining the existing gaps in the current crystallisation process The physical fundamentals of the 
crystallisation process of solution crystallisation, conventional crystallisation approaches, recent 
innovations in crystallisation technologies by use of membrane-assisted crystallisation (membrane 
crystallisation), and a section on inorganic membrane fabrication through the coating of substrates 
will be overviewed. Conventional crystallisation is a fairly well-researched topic with several 
centuries of industrial applications and can be considered a mature technology, with only minor 
innovations in crystallisation processes in recent years. Membrane crystallisation has in the recent 
decades gained traction due to the development of novel polymeric membranes with control over the 
membrane characteristics. This has allowed the use of membrane-assisted crystallisation processes, 
which improved upon limitations of conventional crystallisation, such as poor energy economy, 
sluggish production rates, and limited control over supersaturation profiles, used for control of crystal 
growth kinetics. Conventional crystallisation approaches and membrane crystallisation approaches 
are considered as two different technologies. 
2.2 Basics of Crystallisation 
Crystallisation is a unit operation used for the solidification of a dissolved solute in a solvent [1, 2]. 
Crystallisation is an umbrella term that covers two different processes: nucleation and crystal growth 
[1, 3, 4]. Nucleation is the process of which solute molecules in a solution propagates near each other 
to form a small cluster with a molecular arrangement with that of a crystalline state of the solute, i.e., 
forming a crystal lattice [5, 6]. The small cluster, called a nucleus, is too small to be considered a 
crystal and is typically not thermodynamically stable due to excessive surface energy [6-9]. The 
formation of nuclei occurs once a solution reaches concentrations of solutes that exceeds the solubility 
of the solute, a state called supersaturation [1-4, 10, 11]. Supersaturation can be considered a state 
where the chemical potential for the solute to be on a solid phase is smaller than being in solution [7, 
12]. The formation of nuclei does not occur immediately as a solution is supersaturated. This is due 
to the thermodynamic driving force not being large enough to compensate for factors that would limit 
nucleation, such as surface tension at the interfaces and viscosity as examples [13-16]. 
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Fig. 2.1 Illustration of the groups of nucleation types: primary nucleation, and secondary nucleation. 
[5] 
As seen in Fig. 2.1, nucleation is often split into two different groups based on the conditions in which 
nucleation occurs. The first group of nucleation is called primary nucleation, which is where the 
formation of nuclei occurs spontaneously [6, 14]. Primary nucleation can occur by two different 
mechanisms. The first is called spontaneous nucleation which can occur in a solution devoid of 
interfaces with foreign materials, such as rough surfaces and dust particulates. This is an example of 
homogenous primary nucleation [5]. The second type of primary nucleation is the nucleation which 
occur in a solution with interfaces present, causing the degree of supersaturation required for 
nucleation to be lowered [5]. The second type of nucleation is secondary, or seeded, nucleation, which 
is where the formation of particles is induced by addition of solute particles into a supersaturated 
solution [6, 12]. Once a sufficiently high degree of supersaturation is attained, nuclei will start to 
form, after which one of two things can occur: the nucleus can redissolve, or additional solute can 
join the solid lattice, causing the nucleus to increase in size, resulting in a more stable crystallite that 
can further grow into a crystal [3, 4, 17, 18]. 
Crystal growth is the process in which the formed nuclei starts expanding, by deposition of solute [8, 
9, 19, 20]. Crystal growth is generally considered more complex than nucleation as more parameters 
affect the crystal growth rate [3, 12, 20]. As such, it is often the case that empirical formulae are being 
used to describe the linear growth rates of crystals, rather than trying to attain an analytical solution 
to the growth kinetics. This is especially true for industrial processes involving the growth of crystals, 
and an example of an empirical growth rate function is given in Eq. 2.1 [3, 12, 20]. In this equation k 
is an empirical kinetic constant, n is the growth order and S is the supersaturation ratio. Eq. 2.1 is a 
simple model, that often is being modified in order to attain more accurate results for specific 
applications [3]. 
𝑅𝑅ℎ𝑘𝑘𝑘𝑘 = 𝑘𝑘(𝑆𝑆 − 1)𝑛𝑛  Eq. 2.1 [3] 
One of the more important aspects of crystal growth is the control of the crystal structure formed [21-
24] and the size distribution of the produced solid product [25-28]. Because of this, a lot of research 
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has been done on the control of these two aspects of crystallisation processes. For instance, Agnew 
et al.  [29] have demonstrated how an oscillatory baffled crystalliser and a mixed suspension mixed 
product removal system can be used for the continuous production of the metastable paracetamol of 
form II, which is potentially more desirable because of enhanced solubility and compressibility [30, 
31]. 
For size control, it was found that there is a fundamental difference between what governs the rate of 
nucleation and the rate of crystal growth [13-16]. These differences can be explained by nucleation 
requiring a higher degree of supersaturation to attain the maximum rate of nucleation compared to 
that of crystal growth as seen in Fig. 2.2 [32, 33]. Because of this, there is a lot of industrial focus on 
control of crystal growth kinetics in order to attain a crystalline product with the qualities required 
for a given purpose as in pharmaceuticals and food industries [34-36]. 
 
 
Fig. 2.2 Nucleation rate (Lm) and crystal growth rate (G) as a function of supersaturation and the 
resulting crystal size (Bo). 
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2.3 Conventional Crystallisation Approaches 
Crystallisation is a process which has been used for millennia as seen in the Lion Salt Works [37]. 
Currently, crystallisation is widely used industrially for production of food compounds, 
pharmaceuticals, fertilisers, as well as for hydrometallurgical applications to mention a few [38-43]. 
The crystallisation process is driven by supersaturation, the systems thermodynamic property to go 
to a lower energy-state which results in crystal formation. There are four main approaches to induce 
supersaturation (Appendix A. 2.1). In appendix A. 2.1A, evaporative crystallisation is shown. This 
approach is used when the product of interest has a solubility that shows little temperature dependence 
[5, 44]. The general concept of the process is the generation of supersaturation, often by the removal 
of solvent via isothermal processing [3, 5]. This simple process requires that the product of interest 
is thermally stable in the temperature range used to evaporate the solvent, be it in atmospheric 
conditions or under reduced pressure conditions [3, 45-48]. Due to this requirement, the 
crystallisation of thermally sensitive products is not possible by evaporative crystallisation [3]. An 
additional drawback of this process is the energy required to evaporate the solvent [49, 50]. Since 
energy is required to remove the solvent, additional operating costs are a concern when non-volatile 
solvents are used, as would be the case with NaCl extraction from water which would necessitate 
high addition of heat [51]. An example of an evaporative crystallisation system is the crystallisation 
of ferrous sulphate monohydrate. The solution is sprayed into a stream of hot combustion gas in order 
to attain evaporation of the solvent. An example using the Zahn Spray Evaporator Crystalliser is 
represented in appendix A. 2.2A [52]. Since evaporative crystallisation removes the solvent, the 
impurity concentration is an issue for the process as well as challenges in the control of crystal size 
[48]. As a means of addressing the drawbacks associated with evaporative crystallisation, cooling 
crystallisation is employed when possible, especially with batch crystallisers [5, 44]. 
Cooling crystallisation causes supersaturation to occur by reducing the temperature of the solution 
(appendix A. 2.1B). Because of this, solutes with a solubility that exhibits a large temperature 
dependence will solidify [3]. Since a temperature gradient is needed to solidify the solute, a larger 
difference in start and end temperature produces a higher yield. This requires the product to be stable 
in the operating range, just as with the evaporative crystallisation. However, cooling crystallisation 
is generally considered to be a less harsh process and can therefore be used for processing of more 
sensitive solutes [3, 53]. The latter also offers better control of crystal growth kinetics, whereby this 
process can be used for the production of higher quality products [53]. One of the example of cooling 
crystallisation apparatus is The Kestner Rotary Shell Crystalliser (appendix A. 2.2B). This technology 
was applied in copper and nickel sulphates, barium chloride, sodium potassium tartrate and others 
[54]. 
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When neither cooling nor evaporative crystallisation is appropriate, then antisolvent method becomes 
significant. Therein a saturated solution is diluted with an antisolvent, causing the solubility of the 
solute to decrease significantly, as shown in appendix A. 2.1C [3]. This process offers fine control 
over the production of crystal products in terms of quality of crystals (crystal structure, size, 
shape)[55]. However, the process requires the addition of an antisolvent, which increases the amount 
of waste produced as well as increasing the production costs of the solid, by requiring additional 
chemicals to be used. Because of this, the antisolvent crystallisation is usually reserved for high-value 
products, like pharmaceuticals [40, 44, 56]. Work done by Tenorio et al. [57] shows how antisolvents 
have been used in a pilot scale  supercritical antisolvent system (appendix A. 2.2C) for the production 
of spherical antibiotics amoxicillin and ampicillin nanoparticles with tight particle size distribution. 
Precipitation or sometimes referred to as reactive crystallisation is an approach which involves the 
mixing of two different streams of reactants to create a solid product. This results in a solute with a 
low solubility. By using two feed streams of sufficiently high concentration, this process results in 
formation and crystallisation of the desired product. This process is illustrated in appendix A. 2.1D 
[3]. An example of the industrial application is the formation of ammonium sulphate, where ammonia 
gas is directed into a reaction chamber, where it is mixed with sulphuric acid. The recovered slurry 
would contain recoverable acid and solid ammonia sulphate [58]. Appendix A. 2.2D illustrates the 
flow diagram of a semi-direct process for ammonia recovery [59, 60]. 
2.4 Challenges of Conventional Crystallisation Processes 
The aforementioned crystallisation technologies are relatively simple in application but have 
individual drawbacks that reduce their desirability for large-scale application of these. Evaporative 
crystallisation as an example requires a large amount of energy for producing dry material. this is 
caused by the need to supply enough energy to bring the solvent to its boiling point, as well as enough 
energy to overcome the enthalpy of vaporisation [50]. Evaporative crystallisation is slow when using 
the environment for evaporation, which demands large infrastructures [37, 61, 62]. The drawbacks of 
cooling crystallisation are mainly the limitation of applicable solutes as products like sodium chloride 
and calcium sulphate [3, 63] and limited yield. Using antisolvent is undesirable due to the cost 
associated with the production of pure antisolvent. The post crystallisation treatment of the 
solvent/antisolvent mixture can be considered a potential environmental concern as well and needs to 
be dealt with as well. Finally, precipitation crystallisation is a specialised process that requires a 
chemical reaction to occur, and cannot be used on broad solidification applications. Therefore, novel 
technologies have been sought to address some of these shortcomings. 
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2.5 Membrane Crystallisation 
In recent decades, crystallisation using membranes have gained the attention of the research 
community due to the development of novel polymeric membranes [64-68]. These polymeric 
membranes were produced with specific characteristics, which allowed for selective mass transfer in 
systems containing solvent and solutes [64-68]. Intuitively, it was thought that the use of a membrane 
for aiding crystallisation processes would add additional resistance to the crystallisation system, by 
having mass or heat being transferred through a membrane medium. However, using membranes 
provides a large interface area. This area is often able to compensate for the additional transport 
resistance caused by the materials used [67, 69]. Nevertheless, membrane crystallisation has actually 
been shown to improve the productivity of processes [67, 69]. As a result, there has been a 
development of a new branch of crystallisation, called membrane crystallisation. Processes of which 
membrane crystallisation attains supersaturation are visualised in Fig. 2.3 [67, 68, 70]. 
 
Fig. 2.3 Schematic representation of different membrane crystallisation solidification processes [67]. 
The dilution and reaction supersaturation modes correspond to antisolvent crystallisation and 
precipitation processes respectively. 
There are generally five different membrane crystallisation approaches for the formation of solid 
material [67, 68, 71-79]. Currently, membrane crystallisation has either been used as a means for 
creating supersaturation and nucleation before the liquid of interested is transferred into a crystalliser 
(hybrid membrane crystallisation) [66, 67, 80], or where nucleation and crystal growth occurs near 
the surface of a membrane unit (integrated membrane crystallisation) [67, 81-83]. There are two 
different subtypes of membrane crystallisation that can be used, which are hybrid or integrated 
membrane crystallisation with schematics shown in Fig. 2.4. 
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Fig. 2.4 Membrane crystallisation approaches: a) hybrid membrane crystallisation, which uses a 
membrane unit for the creation of supersaturation and nucleation with a downstream crystal growth 
step in a crystalliser and b) integrated membrane crystallisation, having nucleation and crystal growth 
occurring in the membrane unit. 
The first membrane crystallisation approach was a cooling approach, where a membrane unit was 
used as a heat exchange unit, allowing for controlled cooling of a liquor in order to create 
supersaturation,  as shown by the cooling supersaturation mode in Fig. 2.3 [67, 84]. For  instance, 
Zarkadas et al. [79] used membrane cooling crystallisation to crystallise potassium nitrate in a solid 
hollow fibre crystalliser in a stirred tank. The crystals obtained were 3-4 times smaller in average 
crystal size compared to crystals produced by conventional cooling crystallisation approach. 
Selective mass transfer by filtration, is shown as the second approach in Fig. 2.3. Pressure is applied 
to the feed side, which allows for ultra-filtration, nano-filtration, or reverse osmosis in order to 
remove water and retain solute [85-87]. This process has the advantage that limited energy needs to 
be supplied in order for a separation to occur compared with conventional evaporative crystallisation. 
An example of this approach being used would be by Azoury et al. [88] who used reverse osmosis 
hollow fibre membranes to produce calcium oxalate. 
On a similar manner, the same membrane processes can be used with a feed of an antisolvent on the 
opposite side of the feed liquor [89], where the pressure is applied from the antisolvent side, causing 
controlled transport of antisolvent to the feed liquor side [67]. Zarkadas et al. [90] used porous 
polypropylene hollow fibres in order to crystallise L-asparagine monohydrate and were able to obtain 
a mean crystal size half of that obtained by a batch stirred crystalliser. 
Evaporation is the fourth way of creating supersaturation by membrane crystallisation, with the 
process illustrated in Fig. 2.3. Evaporation is based on reducing the pressure on the permeate side of 
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a membrane, which causes solvent on the feed side to diffuse through the membrane and vaporize at 
the permeate side [91]. Work done by Wu et al. [92] showed how Taurine could be crystallised in the 
retentate by vaporisation also known as membrane distillation. A polyvinylidene fluoride membrane 
was used by applying a temperature gradient in order to drive the water through the membrane to 
create supersaturation. 
The final process used for the production of solid solute is by a reaction or precipitation crystallisation 
assisted by mass transfer through a membrane as seen in Fig. 2.3 [78, 93]. An example of how 
membranes have been used for precipitation was reported by Kieffer et al. [78, 93] where they used 
a hollow fibre membrane to pass through a solution of barium chloride to react with potassium 
sulphate to attain barium sulphate. 
Membrane crystallisation offers several advantages over traditional crystallisation technologies by 
being less energy intensive [61, 83, 94]. This process also provides effective means for crystal size 
control [79, 95-97], in addition to attaining heterogeneous nucleation, thus reducing the levels of 
supersaturation needed for crystallisation by providing a nucleation site [67, 70, 91, 98]. Another 
important advantage found with membrane crystallisation is the scalability of the systems [99]. Table 
2.1 shows a compilation of some of the current membrane materials, and how they have been applied 
for processing of different products. The table is non-exhaustive, and only being used to show 
possible areas of application. The diverse application possibilities are shown by the fact that 
production of high-value products as well as removal of low-value contaminants is being investigated. 
These include the production of lysozyme from hen eggs [100], taurine [92], barium sulphate [78, 
93], sodium chloride [101], or even the unwanted micropollutants, micro-plastics [102]. 
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As previously mentioned, all the membranes used for membrane crystallisation processes are 
polymeric materials. Some of the reasons for the applications of polymeric membranes can be 
explained by the good selectivity and permeability that can be attained with polymeric membrane 
[105]. Additionally, these membrane materials have shown acceptable stability with aqueous 
applications [105], whilst being cost effective [106]. Polymeric membranes do however exhibit 
limitations that reduce the attractiveness of polymeric membranes. Table 2.2 shows the comparative 
advantages and disadvantages of polymeric membranes and inorganic membranes in a range of 
applications such as gas and liquid processing. As it can be seen, there are many attractive features 
of inorganic membranes for membrane crystallisation processes. However, some of the features of 
inorganic membrane materials are limiting the potential for use in practical applications, such as the 
costs of the systems and the brittle nature of the membrane units. To address the problem of 
brittleness, inorganic membranes are generally coated on mechanically strong substrates, thus 
delivering long life operation. 
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Table 2.2 Feature comparison of polymeric and inorganic membranes. 
Material Advantages Disadvantages 
Polymeric 
Membranes 
- Good Selectivity and 
Permeability [105] 
- Adequate Stability in Aqueous 
Solutions [105] 
- Cost Effective [106] 
- Limited Long-Term Stability 
[107] 
- Poor Chemical Stability [108] 
- Poor Thermal Stability [109] 
- Swelling [110] 
- Fouling [111, 112] 
 
Inorganic 
Membrane 
- Temperature Stability 
- Stable under Large Pressure 
gradients 
- Chemically Stable 
- Long Lasting 
- Easy to Clean 
- Catalytic & Electrochemical 
Activity Realizable 
- High Permeance and low 
Fouling 
- Tight Pore Size Control 
[113] 
- Brittle Materials 
- Significant Capital Installation 
Costs 
- Extensive Costs of 
Modification 
- High-Temperature Sealing 
Technology Can be 
Complicated 
 
 
 
[113] 
 
2.6 Inorganic Membrane Preparation Methods 
The coating of an inorganic substrate is generally considered to be an effective way of producing a 
mechanically robust thin separating layer on a membrane. One of the most important aspects of 
porous inorganic membranes is the control of pore size in the resultant separating layer. As such, 
different coating approaches have been used for fabrication of the membrane films. The approaches 
used are predominantly dip-coating, spray-coating, vacuum impregnation, spin-coating, vapour 
deposition, and ultrasonic deposition [114]. Many of these approaches require specialised equipment 
such as vapour deposition [114], and spin-coating [114]. Equipment, that increases the capital cost of 
the production of inorganic membranes [114]. As such, dip-coating is a simple process for fabrication 
of membrane units, when using tubular substrates. 
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Dip-coating is a process that utilises a solution, sol, or dispersion in which a substrate exposed as 
illustrated in Fig. 2.5. The formation of the film is generally occurring by two different mechanisms 
film-casting and slip-casting. Slip-casting occurs by penetration of a coating solution/dispersion into 
the substrate via capillary forces. The precursor material will form a dense film on the surface of the 
substrate dissolved components will penetrate into the substrate. Film-casting occurs by the formation 
of a maintained layer on the surface of the substrate, meaning that limited penetration occurs due to 
the surface tension. Dip-coating forms very thin films in the order of 20-50 nanometers in thickness. 
Hence, the control of airborne particles [115] is of utmost importance in order to avoid thin film 
defects. The utilisation of clean rooms, of multiple coatings of a substrate are often used to reduce 
defects introduced by airborne dust. The coating thickness is generally controlled via withdrawal 
speed, the content of solute as well as the viscosity of the dipping solution [116]. 
 
 
Fig. 2.5 Schematic of dip-coating setup [117]. 
Vacuum Impregnation, as shown in Fig. 2.6, is a process in which a substrate is submerged into a 
viscous or colloidal solution. These solutions could be phenolic resin or sols, like titania and so on. 
Once the substrate is submerged, a vacuum is applied from the inside of a membrane, in order to draw 
the coating solution into the grains of the substrate. This methodology has the advantage of protecting 
the separating layer from physical damage. However, optimization of the process is required in order 
to reduce blockage of pores, as well as tailoring the pore size by the vacuum impregnation [118, 119]. 
Limited informtaion is available on technical aspects of this approach. 
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Fig. 2.6 Schematic of vacuum impregnation setup [120]. 
 
2.7 Summary and Research Gap 
This literature review demonstrates the importance of crystallisation processes for the production of 
a wide range of different products. Also, the approaches applied in the crystallisation process were 
reviewed. The main issues and challenges, such as production rates, energy-intensive processing and 
crystal size control, among others in the crystallisation process were discussed. The membrane 
assisted crystallisation was also elucidated as a novel technology, addressing many existing 
challenges from conventional crystallisation processes. In addition, the published research has 
demonstrated how membranes can reduce the energy consuption in crystallisation processes. 
Membrane crystallisation allows for the selective mass transfer of solvents, or heat, coupled with the 
precise control of transfer rates, thus facilitating the formation of high quality crystalline products 
with a tight crystal size distribution compared to conventional crystallisation processes. This literature 
review has revealed several current gaps in the technology of crystallisation. Based on this chapter, 
five clear research gaps have been established, and form the basis of the motivation for this MPhil 
thesis. 
The first gap, and perhaps most apparent, is the absence of inorganic membranes in crystallisation 
processes. In terms of the characteristic membrane properties, inorganic membranes can potentially 
provide structural advantages when compared to polymeric membranes. The robust nature of 
inorganic membranes can prove useful for membrane crystallisation systems, especially in systems 
which require long lifetime operation. 
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The second gap relates to the chemical nature of the inorganic membranes that could potentially be 
used. As there is currently no work demonstrating inorganic membrane crystallisation, there is also 
no demonstration of the effects of different types of inorganic materials. For instance, it is known that 
changes in membrane surfaces to adjust hydrophilicity/hydrophobicity affects membrane 
performance. It can therefore be assumed that differences in hydrophilicity/hydrophobicity can have 
significant effects on the performance of inorganic membranes in a membrane crystallisation setting, 
and should therefore be investigated. In principle, membrane crystallisation processes use 
hydrophobic polymers. Hence, it is postulated that carbon membranes can be developed as inorganic 
membranes for crystallisation. Carbon is hydrophobic and carbon membranes can be prepared from 
a wide range of precursors via carbonisation (i.e. pyrolysis) under inert gas. 
As for the third gap, it is not self-evident that the transport mechanism for crystallisation in inorganic 
membranes will be the same as for polymeric membranes. It is plausible that the chemical and 
structural characteristics of inorganic membranes will cause other transport mechanisms to be the 
significant driver. 
The fourth gap is how process conditions (operating pressure, temperature, flow rates) can affect the 
crystallisation process when using inorganic membranes. Process conditions can potentially affect 
the nucleation and supersaturation profiles. It is known from the literature review that operating 
conditions are important in the control of crystal growth. It should therefore be investigated how 
process conditions can affect the qualities of the resultant crystals. 
For the fifth gap, it should be investigated how morphological features of inorganic membranes 
(morphology of membrane layers and pore structure) can affect the performance of membranes. This 
can relate to the fluxes of the membranes and crystal morphology. It should therefore be studied how 
fluxes and pore structures relates to structural features of produced crystals. The structural features 
includes crystal size, particle size, morphology of crystals, and crystal structure. 
To address the above research gaps, this MPhil project focusses on how inorganic membranes can be 
used for percrystallisation. It is postulated that via control of the chemical nature of the membrane, 
the operating conditions, as well as the morphology it will be possible to tune crystal size, structure, 
particle size, and morphology of produced products during percrystallisation of an array of different 
solutes. 
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2.8 Appendix 
 
Fig. A2.1 Supersaturation processes in conventional crystallisation by A) evaporative crystallisation, 
B) cooling crystallisation, C) antisolvent crystallisation, D) precipitation crystallisation [3]. As well 
as examples of conventional crystalliser technologies. 
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Fig. A2. 2 Examples of conventional crystalliser technologies A) a Zahn spray evaporator crystalliser 
[52], B) Kestner rotary shell type cooling crystalliser [54], C) SAS 200 antisolvent crystalliser system 
[57], and D) semi-direct process for ammonia recovery from coal gas [58]. 
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3.1 Introduction 
This chapter was published in the Journal of Membrane Science [550 (2018) 407-415]. This chapter 
addresses the first contribution to knowledge from this thesis by showing for the first time the use of 
inorganic membranes for crystallisation, thus covering the major postulation of this thesis. This 
chapter also proves the second postulation of this thesis associated with the use of porous carbon 
membranes for the percrystallisation process. This chapter also provides a novel mechanism related 
to the percrystallisation transport phenomena, hence demonstrating the third contribution to 
knowledge. Finally, it is demonstrated the flexibility of inorganic membrane percrystallisation in 
processing a range of pharmaceutical, food and hydrometallurgical compounds.  
3.2 Contributions 
In this experimental chapter, I carried out all NaCl experimental work which was central to the 
novel percrystallisation process. In addition, my observations of the wet thin film formation on the 
permeate side of the membrane led to the development of the transport phenomena associated with 
the percrystallisation process. I have devised and set up all experimental work and characterised 
membranes and materials using equipment available in the laboratory such as TGA, nitrogen 
sorption, molecular weight cut-off and contact angle. I have also contributed to drafting this 
published paper. Further contributions to this published paper were provided by Dr Julius Motuzas, 
Dr Christelle Yacou, Dr Weng Fu, Dr David K. Wang, Dr Anne Julbe, Dr James Vaughan and Prof 
João C. Diniz da Costa. 
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3.3 Abstract 
This work demonstrates for the first time the phenomenon of continuous percrystallization using a 
carbon membrane derived from the pyrolysis of food grade sugar. In addition, it is also the first 
demonstration of membranes separating solute from solvent and delivering dry crystals in a single 
step. This is contrary to membrane crystallization, which requires two further processing steps to 
filter crystals from a solution followed by drying the wet crystal particles. The results indicate that 
carbonised sugar membranes can confer ideal conditions of super-saturation, leading to 
instantaneous and continuous percrystallization of compounds at the permeate side of the membrane. 
As a result, very high percrystallization production rates of up to 55,000 kg m-2 per year are achieved. 
It is proposed that the percrystallization occurs in a wet thin-film modulated by solution permeation 
via the mesopores of the membrane, where vapour and crystals are separated at the membrane’s 
solid-liquid-vapour interface. The potential deployment of this novel technology is further 
demonstrated for a wide range of crystallization applications in chemical, hydrometallurgy, food and 
pharmaceutical industries. 
 
Keywords: inorganic membrane; mesopores; percrystallization. 
 
3.4 Introduction 
Crystallization is an important industrial process generating a wide range of products throughout the 
world. Examples include sugar [1] which is a staple food ingredient, lysozyme [2] which is an 
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antibacterial agent used in food and pharmaceuticals, and nickel sulfate hydrate [3] used in metal 
electroplating or as a battery precursor material. Essentially crystallization involves evaporating a 
liquid solvent and concentrating the solute to a sufficient degree of super-saturation at which point it 
crystallizes into a solid phase. The majority of the technologies used in crystallization are mature and 
have been optimized based on energy intensive thermal processes to improve the evaporation rate of 
solvents. To avoid high energy costs, solar evaporation ponds are used in certain applications. The 
main drawback of solar evaporation is that it is a very slow process, requiring large plant footprint 
[4] and the performance is highly dependent on weather conditions. A less energy intensive 
technology compared to traditional evaporation processes is membrane crystallization [5]. 
 
Membrane crystallization remained a dormant field for almost a century following the initial 
observations of Kober in 1917 [6]. It is only in the last 20 years that membrane crystallization has 
gained practical interest owing to the development of novel polymeric membranes. In one example, 
Drioli’s group used polypropylene membranes to recover sodium chloride, magnesium sulfate 
hydrate [7] and lithium chloride [8]. In another example, Fane and co-workers [9] used 
polyvinylidene ﬂuoride membranes to crystallize NaCl from a water desalination reverse osmosis 
plant to avoid environmental impacts caused by the disposal of brines. Van der Bruggen’s group [10] 
used polycarbonate/polyurethane membranes for the assisted crystallization of sodium carbonate. To 
date, membrane crystallization technology is uniquely based on polymeric membranes which allow 
for the permeation of liquids only, thus causing super-saturation, nucleation and crystallization on the 
feed side of the membrane [13]. Subsequently, there is a need for two additional processing steps to 
filter and dry the wet crystal particles [12]. Although membrane crystallization has shown to promote 
crystal nucleation and growth kinetics [13], crystallization rates reported to date are low [14]. 
Inorganic membranes have thus far been absent from these technological developments. Therefore, 
breakthrough technologies are required to address low production efficiencies, sluggish timeframes, 
high energy consumption and large plant footprint. 
 
This work demonstrates for the first time the phenomenon of continuous percrystallization through 
porous carbon inorganic membranes. There are differences between membrane crystallization and 
percrystallization concepts. In the case of the former, crystals nucleate on the feed side of the 
membrane as the solute concentration increases as the solvent permeates through the membrane. In 
the case of latter as in this work, both solute and solvent diffuse through the membrane, leading to a 
combined phenomena of solvent evaporation and solute crystallization on the permeate side of 
membrane, hence the concept of percrystallization. Porous carbon membranes are generally derived 
from synthetic polymers [15], following the pioneering work of Koresh and Sofer [16] in early 1980s 
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on the pyrolysis of polymeric hollow fibres. Recently, graphene has also been used to prepare porous 
carbon membranes [17]. Whilst carbon membranes have been extensively used for gas separation due 
to pore size tailoring at molecular sieve level, there has been recent applications of carbon membranes 
for liquid processing [18, 19]. However, this was only achieved by applying a vacuum on the  phenolic 
resin films coated on porous alumina substrates. The vacuum-assisted method resulted in a carbon 
structure with pores slightly larger upon pyrolysis, thus increasing the water fluxes through the 
membranes whilst maintaining high levels of salt rejection [18]. In this work, the membranes were 
prepared by a vacuum-assisted method by slightly impregnating an α-alumina porous substrate with 
an aqueous solution containing food grade sugar. As sugars are natural polymers, instead of the 
traditional synthetic polymers, this is a further novelty of this work as it uses a simple and green 
chemistry approach to prepare carbon membranes. The membranes were subsequently subjected to 
pyrolysis treatment in an inert nitrogen rich atmosphere resulting in the formation of a black carbon 
porous film. 
 
This first demonstration was observed following a permeation study of a salt brine solution (NaCl 
17.5 wt%), where brine diffused through the membrane under vacuum and water and 
percrystallization of NaCl occurred simultaneously on the permeate side in a continuous process. The 
evaporated water (>99% pure) was collected in a cold trap and the salt crystals were recovered from 
the permeate stream. This work further demonstrates that carbonised sugar membranes are flexible 
by percrystallizing mineral salts, food additives and pharmaceutical compounds. 
 
3.5 Experimental 
 
3.5.1 Carbon membranes derived from sugar 
Carbon membranes were prepared using supermarket white refined food grade sugar. The sugar was 
dissolved in deionised water to a 20%wt solution. The solution was coated on the outer shell of 
commercial α-alumina substrates (tubes of OD = 10 mm; ID=5 mm). The contact time between the 
substrate and sugar solution was 1 min. The coated substrate was removed from the sugar solution at 
a withdrawal speed of 10 cm min-1, and vacuum (<10-1 Pa) was applied to the inner shell of the tube 
for 2 min. Subsequently, the coated tube was dried for 15 hours at 60 oC. Finally, the coated tube was 
carbonised (i.e., pyrolized) in a nitrogen (99.99%) atmosphere at 700 oC for 8 hours with heating and 
cooling rates of 5 oC min-1. See Fig. A3.1 (Appendix) for images of membrane substrate and 
carbonised sugar membrane. 
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3.5.2 Other inorganic membranes 
A series of membranes were also tested to determine if percrystallization also occurred in different 
inorganic materials and pore size diameters (dp). All these membranes have been previously reported 
in the literature for gas and liquid separation as follows: (i) microporous (0.3<dp<0.5 nm) molecular 
sieve silica membranes [20]; microporous (dp~0.5 Å) carbon molecular sieve membranes [18]; 
mesoporous (dp~3.1 nm) titania membranes [21]; mesoporous (dp~5 nm) carbon membranes [19]; 
mesoporous (dp~9 nm)  gamma-alumina membranes [22]; macroporous (dp ~150 nm) alpha-alumina 
tube as a commercially purchased substrate. 
 
3.5.3 Percrystallization experiments 
The experimental set-up for the continuous percrystallization study is shown in Fig. 3.1 A carbonised 
sugar membrane was connected to silicon tubing and placed inside a conical beaker. The silicon 
tubing was connected to a large beaker containing the feed solution. The large beaker with the solution 
was placed on a hot plate and the temperature of the solution was measured by a thermocouple placed 
at the inlet of the carbonised sugar membrane. The feed solution was recirculated through the inner 
shell of the membrane via a peristaltic pump. The flow rate of the feed solution was 70 mL min-1. 
The feed side of the membranes was at atmospheric pressure while the permeate side under vacuum 
<10-1 Pa. A liquid nitrogen cold trap was used to collect the water vapour permeated through the 
membrane ahead of the vacuum pump. 
 
The water flux (F) was calculated based on the total mass (m) collected in the cold trap for a pre-
determined interval (t) per area of membrane (A) as F=m/(A×t). The solute flux (F) was 
determined similarly to the water flux as F=m/(A×t). A pre-determined volume of water was used 
to rinse the conical beaker (i.e., vacuum chamber) and the surface of the membrane in order to ensure 
that all solute in the permeate side of the membrane was collected and analyzed. The concentration 
of the substances in the feed (Cf) and permeate (Cp) determined by using a conductivity meter based 
on standard curves of concentrations vs conductivity. At least 3 permeate collections were taken to 
ensure the system had reached steady state operating conditions. 
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Fig. 3.1 Diagram of the percrystallization experimental set up. The carbon membrane tube (black 
colour) with glazed ends (grey colour) is housed in the vacuum chamber (i.e., conical flask in the 
experimental work as per video AV1 in the appendix). 
 
3.5.4 Preparation of feed solutions 
All chemicals were used as received without any additional processing. These included NaCl 
(99.7wt%, Chem-Supply), KCl (99.0wt%, Chem-Supply), NiCl2*4H2O (99.7wt%, VWR Chemicals), 
NiSO4*6H2O (99wt%, Sigma-Aldrich), ascorbic acid (99.0%wt, Chem-Supply), oxalic acid (99.5 
wt%, Chem-Supply) and acetaminophen (paracetamol, 98.0-102.0wt%, Sigma-Aldrich). Bulk 
solutions were prepared by dissolving the solids in deionized water. In the case of the hydrated salts, 
their water content was considered in the solution mass balance. The concentration of the substances 
in the feed solutions were determined by using a conductivity meter based on standard curves of 
concentrations vs conductivity. 
 
3.5.5 Molecular weight (MW) cut-off test 
MW cut-off tests were carried out using an aqueous solution containing a single compound such as 
36 or 400 kDa polyvinyl pyrrolidine (PVP), or 0.34 kDa sucrose (Sigma), used as received. PVP or 
sucrose was mixed with deionized water to solutions of 0.3 wt%. A pressure vessel was used to 
maintain a pressure of 5 bar. Permeation testing was conducted in a cross-flow set-up where the 
solution was fed via the inner shell of the tube. The permeate stream via the outer shell of the tube 
was collected in a beaker and the mass was continuously recorded using an electronic scale. The 
collected permeate solution was analysed using a Shimadzu UV-2700 UV-Vis spectrometer to 
determine the concentration of PVP against calibrated curves. The MW cut off was determined by 
the rejection (R) of substances as R=[1-(Cp/Cf)]×100%, where Cp and Cf are the concentration of PVP 
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or sucrose in permeate and feed streams, respectively. Measurements were recorded at steady state 
conditions with a minimum three measurements for each test. 
 
3.5.6 Materials characterisation 
Carbonised sugar xerogels were prepared by dispensing a sugar solution into a petri dish. The samples 
were then placed inside a closed desiccator where a vacuum was applied for 120 s. Subsequently, the 
samples were dried in an oven at 60 °C for 1 hour. The xerogel samples were pyrolysed following 
the same methods as used to prepare the carbonised sugar membranes. The samples were analysed 
using a Tristar 3020 apparatus (Micromeritics Instrument Corporation) to determine their structural 
features. The samples were degassed at 200 °C for 24 hours under high vacuum prior to nitrogen 
adsorption at 77 K. The crystals were analysed by X-ray diffraction (XRD) in a Rigaku Smartlab X-
ray diffractometer at 45 kV, 200 mA with a step size of 0.02° and speed of 4 °min-1 using a filtered 
Cu Ka radiation (l=1.5418 A). Morphological features of the powder samples were examined using 
a Jeol JSM-7001F SEM with a hot (Schottky) electron gun at an acceleration voltage of 5 kV. 
 
3.6 Results 
Video AV1 (see web link in the Appendix) demonstrates for the first time the instantaneous and 
continuous percrystallization process observed for all substances tested in this study. In this example, 
small white crystals were formed on the surface of a carbonized sugar membrane. Subsequently, the 
white crystals were ejected off the membrane surface into the conical flask, which is under vacuum. 
At the same time, water evaporated from the membrane surface which was collected in a cold trap as 
schematically shown in Fig. 3.1. The salt crystals were recovered from the permeate stream. Fig. 3.2 
shows a SEM image of the percrystallized salt where the particles were characterized by 10 to 20 µm 
cubic NaCl crystals. These crystals are very small with a narrower size distribution in comparison to 
those reported for polymeric membrane crystallization with sizes in the range of 20-200 µm [14] and 
30-1000 µm [9].  These results strongly suggest that membrane percrystallization is a process that 
confers superior control of small crystal sizes. 
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Fig. 3.2 SEM image of percrystallized NaCl (NaCl 17.5 wt% at 37 °C). 
In addition, this study is also the first demonstration of membranes separating solvents (i.e., water) 
from solutes (i.e., solid crystals) in a single step, contrary to membrane crystallization which requires 
three processing steps. Fig. 3.3A shows that the fluxes of NaCl and water increased as a function of 
the feed brine temperature. At the highest tested temperature of 37 °C and 20 wt% NaCl feed 
concentration (Fig. 3.3B), the salt flux reached 5.5 kg m-2 h-1. At these conditions, one square metre 
of membrane area could produce up to 48,000 kg of NaCl per year. What is more remarkable is that 
the membrane delivered a water flux of 20 L m-2 h-1 for a hyper saline NaCl brine solution of 20 wt% 
(Fig. 3.3B). This performance is within the range of reverse osmosis membranes of 19.7-28.0 L m-2 
h-1 reported by Mattia and co-workers [23] though for much lower NaCl feed concentrations of 3.5 
wt%. Although the intention of this work is percrystallization membranes, an added benefit is 
dewatering hyper saline brines well beyond the capabilities of reverse osmosis membranes which is 
the golden standard technology for desalination. 
 
Fig. 3.3 Water and percrystallized NaCl flux as a function of (A) temperature with a feed solution of 
NaCl 17.5 wt% and (B) NaCl feed concentration at feed solution temperature of 37 °C. 
The structural characterization of carbonized sugar xerogels proved to be difficult resulting in dense 
carbon structures from nitrogen sorption analysis. The characterization of xerogels generally offer a 
semi-quantitative analyses between xerogel structure and film structure. This is not the case here as 
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the carbonized sugar membranes delivered high water fluxes (Fig. 3.3), indicating porous membranes 
contrary to the dense xerogels. These results are in line with reports that impregnation using an 
assisted-vacuum method causes oligomers to get entrained with solvent and diffuse into porous 
substrates to form porous structures [18, 19, 24]. Therefore, molecular weight (MW) cut-off tests 
were carried out as the best approach to determine pore sizes. Fig. 3.4 shows that the carbonized sugar 
membranes had a MW cut-off of around 360 kDa. This value correlates to mesopores of 5 nm for 
carbonized phenolic resin membranes [19]. Subsequent investigations showed that the pore diameter 
(dp) and membrane materials were the key parameters enabling the desired percrystallization 
properties to be obtained. Salt crystals could be formed through mesoporous (3≤dp≤9 nm) titania, 
gamma-alumina and carbon membranes only, but not for other membranes such as microporous 
(dp<0.5 nm or 5 Å) silica and carbon molecular sieves, nor macroporous α-alumina substrates (dp~150 
nm). Micropores were too small to effectively allow the permeation of hydrated salt ions with radius 
of Cl-˗H2O (6.64 Å) and Na+˗H2O (7.16 Å) [25, 26], whilst flooding occurred with macropores 
membranes as the salt solution flowed through. 
 
Fig. 3.4 Molecular weight cut-off for the carbonized sugar membrane including a comparison to a 
carbonized mesoporous phenolic resin membranes [19]. Both membranes were prepared under the 
same conditions and also tested under the same conditions. 
 
The percrystallization phenomenon in this work occurred under vacuum conditions only. In the case 
of tests under pressure, this phenomenon was not observed. For instance, the mesoporous carbonised 
sugar membrane delivered high flux as a function of pressure and NaCl concentrations where salt 
rejection was insignificant (see Appendix Fig. A3.2A). Further, the pressurised solution fluxes as a 
function of NaCl concentration (Fig. A3.2B) varied within experimental error only. These results 
suggest a bulk diffusion mechanism for the permeation of the solution containing hydrated ions 
through the mesopores of the membrane. In addition, adsorption tests of NaCl solutions (Fig. A3.3) 
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shows that hydrated ions did not adsorb on the surface of carbonised sugar powders. As carbon 
imparts hydrophobicity for contact angles ≥ 90°, as evidenced by the contact angles (107°) in Fig. 3.5 
for water and various NaCl solutions, these results further support the absence of hydrated ions 
surface adsorption. Contrary to hydrophilic inorganic membranes, which adsorb hydrated ions [27] 
leading to significant fouling [28], the hydrophobic carbonised sugar membranes counteracted this 
effect by repelling hydrated ions similar to other carbon membranes [29, 30]. Therefore, the diffusion 
of water and hydrated ions via the mesopores of the membranes was dominated by the bulk diffusion 
mechanism. 
 
 
Fig. 3. 5 Contact angle measurements on the carbonised sugar membrane surface (permeate side) as 
a function of NaCl concentration from 0 to 20 wt%. 
The continuous percrystallization of salts via the carbon membrane is schematically idealized in Fig. 
3.6. Under vacuum pressure, a wet thin-film is formed on the surface of the permeate side of the 
membrane. Under the testing conditions, flooding did not occur suggesting that mesopores were 
modulating the flow of solution by a bulk diffusion mechanism from the feed side to the wet thin-
film on the permeate side. Thin-films are known to improve heat transfer, thus promoting evaporation 
of water close to the solid–liquid–vapor contact line [31]. The evaporation of water from the wet thin-
film results in the permeate side of the membrane cooling up to a temperature 6 °C lower (i.e. 
measured using a laser thermocouple) as compared to the feed side of the membrane. During 
evaporation of water, salt grows on nucleation points in the wet thin-film. Upon nucleation and 
spontaneous crystallization, concurrent separation of solids and liquid occurs in a single step. The 
lighter water molecules evaporate from the wet thin-film and the heavier NaCl crystals are ejected as 
dry particles from the membrane surface due to pressure difference and fall under the effect of gravity. 
Therefore, solvent (i.e., water) evaporation from the wet thin-film on the permeate side of the 
membrane is driving the instantaneous percrystallization. 
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Fig. 3.6 Idealized schematic of continuous percrystallization via a proposed surface thin-film 
evaporation/nucleation/crystallization mechanism. 
An interesting finding is displayed in Fig. 3.7A, demonstrating that the separation process conferred 
by the carbon membrane consistently favoured a higher production of solute rather than solvent. For 
instance, the mass ratio of NaCl over water in the permeate side of the membrane was always above 
that of the feed solution. These results strongly suggest that the formation of NaCl crystals at the wet 
thin-film interface reduces the area available for water to evaporate, thus explaining that the 
carbonized sugar membranes are slightly selective to NaCl instead of water. Fig. 3.7B shows an 
Arrhenius plot of the percrystallized NaCl fluxes as a function of several NaCl feed concentrations. 
The energy of activation, based on this Arrhenius plot, is listed in Table 1. It is observed that the 
energy of activation slightly increases as a function of the NaCl feed concentration. This is attributed 
to the viscosity effect of NaCl solutions, which increases as a function of NaCl concentrations [32]. 
As viscosity increases, more energy is required for the NaCl solution to permeate through the pores 
of the carbonized sugar membrane, and likewise more energy is required for NaCl percrystallization. 
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Fig. 3.7 (A) Selectivity (i.e., ratio of NaCl flux over water flux) at 37 °C and (B) Arrhenius plot of 
the percrystallization of NaCl for each feed concentration (wt%). 
Table 3.1 Energy of percrystallization and coefficient of determination (R2) for data fitting from Fig. 
3.6B. 
NaCl Feed 
Concentration (wt%) 
Energy of Percrystallization 
(kJ mol-1 ) 
Coefficient of Determination 
(R2) 
12.5 23.1 0.97 
15 23.7 0.99 
17.5 24.3 0.99 
20 26.6 0.99 
 
The percrystallization of NaCl using inorganic membranes is shown to be efficient. For instance, the 
production of table salt using evaporation ponds is very slow even in a dry continent like Australia. 
The Whyalla plant uses 4000 hectares of salt pans to produce18 kg m-2 per year using feed sea water 
(NaCl ~3.5 wt%) [33]. Under the same feed salt concentration of 3.5 wt% at room temperature 
operation, carbonized sugar membranes could produce 8400 kg m-2 per year. In other words, each 
1m2 of carbon membranes could replace more than 450 m2 of evaporation ponds. What is more 
remarkable about this discovery is the flexibility of the inorganic membranes to process a wide range 
of substances such as other mineral salts (KCl, NiCl2 and NiSO4), organic acids (oxalic acid), ascorbic 
acid (vitamin C) and an analgesic acetaminophen (paracetamol) as displayed in Fig. 3.8A, noting the 
high KCl production rate of up to 55,000 kg m-2 per year. The production rate of NaCl increased as a 
function of temperature and NaCl feed concentration, reaching best values close to 48,000 kg m-2 per 
year as shown in Fig. 3.8B. Long term performance data for 42 days (over 1000 h) displayed in Fig. 
A3.4 (Appendix) demonstrates that the carbonised sugar membrane is very stable for all compounds 
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tested in this work. NaCl fluxes increased from the initial to final tests. This could be attributed to 
structural changes associated with loss of carbonised materials weakly attached to the membrane 
during the long term testing. In addition, Cicek et al. [34] reported that crystal abrasion on the 
selective layer of an inorganic membrane led to higher fluxes, in line with the long term effect of flux 
increase in this work. These results further confirm that fouling did not occur under the 
percrystallization testing conditions. 
 
Fig. 3.8 (A) Percrystallization production rates of KCl, NiCl2, NiSO4, oxalic acid (all 17.5 wt% 37 
°C), vitamin C (2.5 wt% at 37 °C) and paracetamol (5 wt% at 25 °C), all solutions in water except 
paracetamol in ethanol; (B) percrystallization production rates of NaCl as a function of temperature 
(all 17.5 wt%) and NaCl feed concentration (all at 37 °C). 
 
It is interesting to observe the range of crystal shapes and sizes obtained from percrystallization. The 
SEM images in Fig. 3.9 show that KCl crystals were similar to NaCl (Fig. 3.2). The nickel salts, NiCl2 
(as NiCl2*4H2O) and NiSO4 (as NiSO4*6H2O), resulted in elongated and large crystals, respectively. 
Vitamin C formed small crystals almost like needle-geometries, whilst oxalic acid percrystallized as 
flakes. Paracetamol produced small crystals with various sizes. Fig. 3.10 (see further details in the 
appendix) shows the XRD patterns of the crystals obtained in this study, confirming the crystallinity 
of all samples. For instance, NaCl and KCl formed cubic crystals whilst NiSO4 tetragonal crystals. 
Several crystals were characterized by nonoclinic space groups such as NiCl2 (P21/a), Vitamin C 
(P21), oxalic acid (P21/a) and paracetamol (P21/a). 
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Fig. 3.9 SEM images of percrystallized KCl, NiCl2, NiSO4, oxalic acid (all 17.5 wt% 37 °C), vitamin 
C (2.5 wt% at 37 °C) and paracetamol (5 wt% at 25 °C) - all solutions in water except paracetamol 
in ethanol. 
 
Fig. 3.10 XRD patterns of crystals obtained by percrystallization membranes. 
 
Therefore, this novel technology has a broad spectrum of percrystallization application. It can be used 
in chemical / mining / hydrometallurgical operations to recover substances of interest such as metals 
or acids, with the added benefit of also recovering water/solvent and complying with new 
environmental regulations of zero liquid discharge. In addition, inorganic membrane 
percrystallization can spearhead developments in wide range of fields of interest in the human 
endeavour, particularly in health and bio-crystallization of proteins, food/flavour additives and 
pharmaceutical compounds. 
 
3.7 Conclusions 
This work demonstrates for the first time that porous inorganic membranes can be used to 
percrystallize mineral salts, food and pharmaceutical compounds. A practical aspect of this novel 
approach is that the dry solute is separated from the solvent in a single step. The reaction appears to 
take place in a wet thin-film on the permeate side of the membrane. Membrane mesoporosity is a key 
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variable in achieving the ideal process conditions. The wet thin-film under vacuum pressure confers 
ideal condition of super-saturation, nucleation and crystallization of compounds. As a result, dry 
crystals are continuously ejected off the membrane surface and production rates are high up to 55,000 
kg m-2 per year. 
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3.8 Appendix 
3.8.1 A1 - Photos of prepared membranes 
 
Fig. A3.1 Photos of the white porous membrane substrate (α-alumina) and black carbonized sugar 
membrane. Both substrate and membrane tubes have glazed ends to accommodate seals for 
experimental work. 
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3.8.2 A2 – Pressurised permeation tests 
 
Fig. A3.2 (A) NaCl solution flux and NaCl concentration in the permeate stream as a function of 
pressure difference (Δp) across the membrane for NaCl 12.5 wt%; and (B) NaCl solution flux as a 
function of NaCl concentration at Δp = 0.5 bar. All experimental work was carried out at room 
temperature using the same experimental set up as for the molecular weight cut-off tests. 
3.8.3 A3 – Adsorption 
 
Fig. A3.3 Adsorption tests of NaCl solutions as a function of time. The NaCl concentration was 
constant, thus indicating that hydrated ions were not adsorbing on the surface of carbonized sugar 
powders. This experimental work was carried out by vigorous stirring of a mixture containing 
carbonized sugar powders with a desired NaCl solution. Electrical conductivity measurements were 
taken every 10 min in triplicate and correlated to an NaCl calibration curve. 
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3.8.4 A4 – Long term results 
 
Fig. A3.4 Long term crystal fluxes for NaCl (17.5 wt%) as a function  of temperature (red bars); KCl 
and NiCl2 (17.5 wt% and 37 °C) and oxalic acid and vitamin C (2.5 wt% and 37 °C) (blue bars); and 
NaCl (37 °C) as a function  of NaCl feed concentration (gray bars). 
3.8.5 A5 - X-ray diffraction (XRD) 
Details of the XRD patterns of the crystallised materials obtained in this study as per Fig. 3.9: 
• Sodium chloride (NaCl) determined as cubic (Fm-3m) space group number 225 pdf file reference 
number 01-077-2064. 
• Potassium chloride (KCl) as cubic (Fm-3m) space group number 225 pdf reference number 01-
075-0296. 
• Nickel chloride pattern as nickel chloride tetra hydrate (NiCl2*4H2O) as monoclinic (P21/a) 
crystal structure space group 14 with reference number 01-079-2297. 
• Nickel sulphate pattern as nickel sulphate (VI) hexahydrate (NiSO4*6H2O) as tetragonal 
(P41212) space group number 92 pdf with reference number 01-079-0106. 
• Vitamin C as ascorbic acid as monoclinic (P21) crystal structure space group 4 with reference 
number 00-022-1560. 
• Oxalic acid as monoclinic (P21/a) crystal structure space group 14 with reference number 00-030-
0624. 
• Paracetamol as acetaminophen as monoclinic (P21/a) crystal structure with space group 14 with 
reference number 00-027-1902. 
3.8.6 A6 - Video of the membrane percrystallization process 
This short video displays the instantaneous and continuous per-crystallization process observed for 
all substances tested in this study. In this example, small white crystals (Vitamin C) are formed on 
the surface of a carbonized sugar membrane. Subsequently, the white crystals are ejected off the 
membrane surface into the conical flask, which is under vacuum. Video SV1 – please open the 
Chapter 3: Novel Inorganic Membrane for the Percrystallization of Mineral, Food and 
Pharmaceutical Compounds 
Page | 47  
following video file available on (outbox.eait.uq.edu.au/uqjdiniz/J_Membr_Sci_per-
crystallisation_inorganic_membrane.mp4):   
J_Membr_Sci_per-cry
stallisation_inorganic_  
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Chapter 4: Fine Control of NaCl Crystal Size and Particle Size in 
Percrystallisation by Tuning the Morphology of Carbonised Sucrose 
4.1 Introduction 
This chapter was published in the Journal of Membrane Science [567 (2018), 157-165]. This chapter 
addresses the fourth contribution to knowledge in this thesis. This contribution to knowledge is related 
to membrane morphology and operating conditions and their effect on crystal characteristics. This 
work investigates how carbonisation temperature effects the membrane morphology and likewise the 
sodium chloride particle size and crystallite size.  
4.2 Contributions 
In this experimental chapter, I carried out all experimental work related to membrane fabrication, 
percrystallisation experiments, TGA, and contact angle. Supplementary experiments, as XRD, 
SEM, and mercury porosimetry were carried out by Dr Julius Motuzas. In addition, I carried out 
extra statistical analysis of the particle sizes formed to elucidate the major findings of this work. I 
contributed to the overall analysis in addition to drafting the paper. Further supporting advice and 
contribution were given by Dr Julius Motuzas, Dr James Vaughan, Dr Anne Julbe and Prof João C. 
Diniz da Costa.  
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4.3 Abstract 
This work investigates the morphological features of porous carbon membranes and operation effects 
for the percrystallisation of NaCl. The carbon membranes were prepared by dip coating of α-alumina 
tubes in a sucrose solution, followed by a post vacuum-assisted impregnation and carbonisation in an 
inert gas atmosphere. The carbonisation temperature played an important role, as the highest pore 
volume and wet contact angle were achieved at the highest carbonisation temperature of 750 °C. In 
turn, this created hydrophobic carbon membranes delivering the highest water flux of 33 L m-2 h-1 
(NaCl 17.5 wt%) and NaCl flux of 6.9 kg m-2 h-1. The solvent (water) and the solute (NaCl) crystals 
were separated in a single-step in a wet thin-film formed on the permeate face of the membrane under 
pervaporation conditions, delivering almost pure water (>99%) and dry NaCl crystals. The carbon 
membrane with the highest water flux delivered the smallest NaCl crystallite sizes, the smaller 
particle sizes, and the narrowest particle size distribution (< 2 µm). This was attributed to the fast 
water evaporation rate from the wet thin-film, as crystal growth rate was reduced and NaCl particle 
aggregation was restricted. A finer control of NaCl crystallite and particle size was achieved by 
tailoring the morphological features of the carbon membranes and operating at the lowest vacuum 
pressure. 
 
Keywords: carbon membrane; percrystallisation; NaCl; carbon structure. 
 
4.4 Introduction 
Crystallisation is an important industrial process which is widely used to separate a dissolved solute 
from the solvent by solidification of the solute [1-2]. Crystallisation processes are extensively used 
in pharmaceutical, food and mining industrial processes [3, 4]. Historically, evaporative and cooling 
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crystallisation are some of the earliest documented crystallisation process and among the simplest 
technologies. For instance, the production of sodium chloride (NaCl) has been carried out historically 
using evaporation ponds [5]. The drawbacks of these simple crystallisation technologies are the slow 
production rates which are dependent on the local environment, in addition to large infrastructure [6-
8]. 
 
Membrane crystallisation has attracted the attention of the research community in the last two decades 
due to the development of novel polymeric membranes with a tight pore size control which allows 
for selective mass transfer [9-11]. Membrane crystallisation has shown to be able to improve the 
energy requirement dilemma of evaporative crystallisation, thus consuming less energy. In addition, 
membrane crystallisation delivers feasible crystal production rate and have additionally shown 
potential for processing high value products such as pharmaceutical products and proteins [12-15]. 
However, membrane crystallisation inherently produces crystals on the feed side of the membrane, 
which adds two additional processing steps to attain dry solute (filtering and drying), and increases 
system complexity and plant size [10, 16]. 
 
Recently, Motuzas and co-workers [17] demonstrated for the first time a novel continuous 
crystallisation process based on inorganic carbon membranes, called membrane percrystallisation. 
This process differentiates from the conventional membrane crystallisation. In membrane 
percrystallisation, the solution permeates through the porous structure of the inorganic membrane and 
forms a wet thin-film on the permeate face of the membrane. During percrystallisation, this wet thin-
film is essential for the fast crystallisation and water evaporation, whilst separating the solute from 
the solvent in a single step process only. The percrystallisation membranes proved to be effective for 
processing food and pharmaceutical compounds, in addition to mineral salts and organic acids [17]. 
This achievement was only possible via the preparation of carbon using a vacuum-assisted process 
[18, 19], which allowed for the impregnation of the carbon precursor solution into the porous 
substrate. 
 
In the case of polymeric membrane crystallisation, there is already a significant body of work on 
control parameters. For instance, retention time of crystals in a hybrid membrane crystallisation 
system affected crystal size [20]. Increases in feed temperature resulted in a decrease in crystal size 
distribution, associated with thermodynamic and kinetic factors [20, 21]. Other reports show that the 
use of antisolvent can be an effective tool to control the crystal size distribution (CSD) in membrane 
crystallisation [22]. Contrary to membrane crystallisation, membrane percrystallisation is a novel 
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process where membrane morphological and operating parameters are not well known, and further 
research is warranted. 
 
Therefore, this work investigates the morphological features and operational parameters affecting the 
control of NaCl crystallite and particle size distribution. In this study, sucrose membranes were 
carbonised in inert gas from 600 to 750 °C and assessed for the percrystallisation of a NaCl (17.5 
wt%) solution under various permeated vacuum pressures. The morphology of the carbon membranes 
were characterised by mercury porosimetry, wet contact angle and SEM analysis. The membranes 
were tested for both water permeation and NaCl percrystallisation. The formed NaCl particles were 
analysed statistically using SEM images, and the crystallite sizes were determined by XRD analyses. 
The morphological features of the membranes were correlated to the membrane performance and the 
produced NaCl particles and crystals. 
 
4.5 Experimental 
4.5.1 Membrane preparation and characterisation 
Solutions were prepared by dissolving 20 wt% sucrose (>99.8%, Chem-supply) into demineralised 
water which was sonicated for 30 min. Subsequently, the sonicated solution was used for dip coating 
of tubular α-alumina substrates (Ceramic Oxide Fabricators, Australia) with a mean pore size of 0.1 
µm. The total length of the α-alumina tube used in this work was 5.5 cm, a length limited by the 
experimental equipment. As both ends of the tube were glazed to form a sealed surface for connection 
with silicone tubing, the effective membrane dimensions were ~3 cm in length, 1 and 0.45 cm external 
and internal diameters, respectively. Dip coating was carried out on the outer shell of the α-alumina 
tube. The tube was inserted into the solution for 3 min dip time, followed by a withdrawal from the 
solution at speed of ~31 cm min-1. Upon withdrawal, the coated tube was exposed to a vacuum 
pressure (<1.3 mbar) via the inner shell for 5 min. This allowed for a partial impregnation of the 
coated thin-film into the α-alumina tube. The membranes were dried overnight in an oven at 60ºC. 
The dry sucrose membranes where then carbonised in an inert nitrogen atmosphere at three different 
temperatures (650, 700 and 750 ºC), using heating and cooling rates of 5 ºC min-1 and a dwell time of 
4 h at the highest temperature. 
 
Mercury porosimetry was carried out on a Micromeritics AutoPore IV9500 to quantify pore size 
distribution and pore volumes of the membranes. Pressure values were used to calculate pore sizes 
according to the Washburn equation (assuming cylindrical pores) and a mercury contact angle of 
154.9° for carbon [23]. The maximum pressure applied was 415 MPa (4150 bar), corresponding to a 
pore size of 3.5 nm. The morphological features of the membranes were analysed by scanning 
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electron microscope (SEM) using a Jeol JSM-7001F SEM with a hot (Schottky) electron gun and an 
acceleration voltage of 5 kV. 
 
Pure carbon materials, produced by drying a sucrose sol followed by carbonisation, were also 
analysed by X-ray diffraction (XRD) and contact angle measurements. XRD analysis was carried out 
using a Rigaku Smartlab X-ray diffractometer at 45 kV and 200 mA, with step size of 0.02° and speed 
of 4°min−1 with filtered Cu Kα radiation (λ = 1.5418 Å). Contact angle measurements were 
determined by using an Andostar digital microscope A1 and by placing water droplets on the surface 
of carbonised sucrose. Thermo-gravimetric analysis (TGA) was conducted on a TGA-DSC1 (Mettler 
Toledo) using an inert nitrogen gas at a flow rate of 60 mL min-1 and a heating ramp rate of 10 ºC 
min-1. 
 
4.5.2 Membrane testing and NaCl characterisation 
Fig. 4.1 shows a schematic representation of the percrystallisation setup used in this work. NaCl feed 
solution was prepared by dissoving a desired amount of NaCl (99.7%, Chem-supply) to demineralised 
water. The solution was heated to 37ºC and fed through the inner shell of the membrane tube via a 
peristaltic pump with a flow rate of 4.1 L h-1 to maintain steady state conditions and to minimize 
concentration polarization. The retentate of the feed solution was recycled back to the feed solution 
in the beaker. A Büchner flask was used as a container to house the membrane. The flask was 
connected to a vacuum pump in a line that contained a cold trap (liquid nitrogen) and a needle valve 
to control the vacuum pressure. The percrystallised solute (NaCl) was collected in the Büchner flask 
that served the purpose as a solute collection chamber, while the solvent (water) condensed in the 
cold trap. The needle valve between the vacuum pump and the cold trap was used to adjust the 
operating vacuum pressure (18, 22, and 26 mbar) in the flask. 
 
The collected NaCl in the flask was dissolved in demineralised water in order to quantify the salt 
production rate by measuring the solution conductivity using standard curves of concentrations vs 
conductivity. The collected permeate in the cold trap was also analysed by conductivity 
measurements to quantify the purity of the produced water. The NaCl crystals were also collected 
from the flask to determine their morphological features. XRD analysis was carried out and the 
Scherrer equation was used to determine the NaCl crystallite size based on the obtained XRD patterns. 
SEM analyses were performed to determine the NaCl particle sizes and histograms were determined 
based on 44 measurements to determine sample particle size and particle size distribution. 
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Fig. 4.1 Schematic of the percrystallisation setup used for one-step separation of NaCl and water; a) 
hot plate, b) feed solution, c) liquid pump, d) pressure transducer, e) vacuum chamber inside a 
Büchner flask, f) cold trap, g) needle valve, h) vacuum isolation valve and i) vacuum pump. 
 
4.6 Results and Discussion 
Fig. 4.2a shows the mass loss of the sucrose sol as a function of temperature under inert nitrogen 
atmosphere. There is a steep 60% mass loss from 200 to 300 °C. This mass loss is associated with the 
release of H2, CO, CH4, and CO2 during the pyrolysis (carbonisation) of sucrose [24]. From 400 to 
800 °C, the mass loss greatly reduces around ~14% only, thus indicating the loss of oxygenated 
groups in sucrose [25]. Fig. 4.2b displays the XRD patterns of the sucrose samples carbonised at high 
temperatures. The XRD patterns at 2θ 24° and 43° are assigned to turbostratic carbon with the Miller 
indices (002) and (10ℓ) [26].  The contact angles in Fig. 4.2c reveal similar values of 107° for 
carbonisation temperatures at 650 to 700 °C, though it increased to 118° as the carbonisation 
temperature was raised to 750 °C. As all the contact angles values are > 90°, they demonstrate that 
the carbonised sucrose is indeed hydrophobic, and the increase in the contact angle from 107° to 118° 
indicates that hydrophobicity has increased. This can be associated to the continuous mass loss at the 
highest temperatures, suggesting further removal of organic groups from the carbonised sucrose. 
These organic groups tend to cluster water molecules in carbon structures [27], and the absence of 
these groups improved carbon hydrophobicity. These results are also in line with the XRD patterns, 
as a minor change towards graphitisation tends to increase hydrophobicity as reported elsewhere [28]. 
P
a)
b)
c)
d)
e) f)
g)
h)
i)
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Fig. 4.2 (a) Mass loss curve of carbonisation of sucrose under inert atmosphere; (b) XRD patterns 
and (c) contact angle measurements for sucrose carbonised at various temperatures 
 
 
 
Fig. 4.3 SEM images of the cross-sections of (a) pristine α-alumina substrate and carbonised sucrose 
membranes at b) 650 ºC, c) 700 ºC and d) 750 ºC. 
 
Fig. 4.3 displays the SEM images for the cross section of the α-alumina substrate (Fig. 4.3a) and 
carbonised sucrose membranes. A carbon film with a thickness in the range of 6-12 µm is clearly 
observed in Fig. 4.3b for the membrane carbonised at 650ºC. This carbon film forms a top-layer (on 
the outer shell of the tube) with good adhesion and partial infiltration into the α-alumina substrate. 
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This morphology is attributed to two-step coating strategy used in this work. The first coating step 
corresponds to the contact of the sugar solution with a dry porous ceramic oxide substrate. This caused 
initial high capillary forces, and the liquid solution is immediately drawn into the substrate 
(spontaneous liquid imbibition within the pores) induced by the wetting force [29]. Upon reaching 
equilibrium, the wetting force becomes less significant [29] and further solution penetration into the 
porous substrate ceased. This first coating step results in the formation of a top-layer on the support 
surface with only shallow solution penetration into the porous substrate during the dip-coating 
process. The second coating protocol, induced by the applied vacuum pressure on the inner shell of 
the membrane tube, results in the drawing of the sucrose solution from the outer shell deeper into the 
substrate. This is evidenced by the formation of carbon films with total thickness up to 12 µm as 
observed in Fig. 4.3b. However, by increasing the carbonisation temperature to 700 ºC, the visual 
appearance of the carbon film morphology changed (Fig. 4.3c) and became a very porous material 
once the carbonisation temperature reached 750 ºC (Fig. 4.3d). Although the carbon film is less 
obvious in Fig. 4.3d, its cross section morphology differs from that of the pure α-alumina substrate. 
The latter is characterised by white rounded shaped α-alumina particles, whilst the former shows 
darker coated particles stemed from the infiltration and carbonisation of sugar solutions. 
 
The morphological features of the carbonised sucrose membranes were analysed by mercury 
porosimetry. Fig. 4.4a shows a narrow pore size distribution between ~0.11 and ~0.05 µm. Contrary 
to this, the carbonisation temperature played an important role as the total pore volume increased with 
temperature as displayed in Fig. 4.4b. As sucrose filled the α-alumina pores (inter-particle space) 
during impregnation, porosity is developed during the carbonisation process. This is evidenced by 
the mass loss attributed to sucrose’s oxygenated groups as ascertained by TGA analysis (Fig. 4.2a). 
The continuous mass loss as the carbonisation temperature increases from 700 to 750 ºC causes 
further morphological re-arrangement leading to a visually more porous structure as observed in the 
SEM image (Fig. 4.3). Therefore, the measured pore volume for the carbonised sucrose membranes 
in Fig. 4.4b matched well the SEM observations in Fig 4.3. 
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Fig. 4.4 Mercury porosimetry data (a) pore size distribution and (b) accumulated pore volume for the 
carbon membranes obtained at 650, 700 and 750 ºC. 
Fig. 4.5 shows that both fluxes of NaCl and water increased as a function of the carbonisation 
temperatures used to prepare the membranes. For instance, the water fluxes increased by 27% from 
26 to 33 L m-2 h-1, while NaCl by 12% from 6.2 to 6.9 kg m-2 h-1, as the carbonisation temperature 
was raised from 650 to 750 ºC, respectively. These results are consistent with the fact that the 
carbonisation temperature was found to affect the morphological features and surface interaction of 
the carbon membrane, as revealed by the mercury porosimetry and contact angle experiments, in 
addition to the SEM observations. These findings confirm the correlation that as pore volume 
increases, so does the water production rates. Further, the increase of contact angles (Fig. 4.2) 
correlates well with the increase of water fluxes, in line with reports by Dumée et al. [30]. As 
percrystallisation essentially occurs at the wet tin-film interface as proposed by Motuzas and co-
workers [17], increasing the water flux evaporated from the wet thin-film translates into higher NaCl 
percrystallised flux, in line with the results in Fig. 4.5. 
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Fig. 4.5 NaCl and water fluxes as a function of the membrane carbonisation temperature (650, 700 
and 750 ºC) at a permeate pressure of 18 mbar. 
In all experiments, the carbonised sucrose membranes were tested for 120 h resulting in constant 
performance (water and NaCl fluxes) throughout. Further, the water collected in the cold trap was 
analysed and resulted in almost pure water (> 99%). These results confirm that the carbonised sucrose 
membranes were able to separate solvent (water) from solute (NaCl) in a single step separation 
process, a characteristic of the novel membrane percrystallisation process. This type of application is 
industrially very attractive, particularly for crystallisation processes where solvent recovery is a key 
point to reduce operational costs or to comply with strict environmental regulations such as zero 
liquid discharge. Notably, the very high water flux of 33 kg m-2 h-1 (NaCl 17.5 wt%) in Fig. 4.5 was 
aimed at solidification of NaCl instead of water purification. However, this values is higher than those 
of 20-28 L m-2 h-1 [31] delivered by industrial reverse osmosis (RO) membranes with a much lower 
feed NaCl concentration of 3.5 wt%. The feed NaCl 17.5 wt% concentration used in this work would 
generate an osmotic pressure over 135 bar, well beyond the RO plant operation capabilities. In 
addition, the high water fluxes in this work are also much higher than those obtained in pervaporative 
desalination using inorganic membranes operating at higher temperatures and lower NaCl feed 
concentration such as 22.9 L m-2 h-1 for cobalt oxide silica membranes (7.5 wt% at 60 ºC) [32], 25.4 
L m-2 h-1 for carbon alumina membranes (3.5 wt% at 75 ºC) [33] and 9.2 L m-2 h-1 for hybrid carbon 
silica membranes (15 wt% at 60 ºC) [34]. This great performance of the carbonised sucrose 
membranes for pure water recovery proved to be a bonus for using this technology to crystallise 
solutes whilst recovering the solvent. 
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As the best performance in terms of water and NaCl fluxes was delivered by the membrane carbonised 
at 750 ºC, this membrane was further tested to investigate the effect of the vacuum pressure in the 
permeate side. Fig. 4.6 shows that by increasing the pressure from 18 mbar to 26 mbar, the water flux 
reduced by 15% from 32 to 27 L m-2 h-1, and the NaCl flux also decreased by 8% from 6.8 to 6.2 kg 
m-2 h-1. These changes in fluxes are commensurate with the reduction of the driving force for water 
evaporation from the wet thin-film formed on the surface of the carbon membrane on the permeate 
side (outer shell). An interesting finding of this work was that percrystallisation ceased for vacuum 
pressures above 28 mbar where flooding on the permeate side occurred. In other words, a wet thin-
film was no longer attained. In this situation, instead of dry NaCl crystals being ejected from the 
membrane surface and water being evaporated, large blobs of water and salt together were ejected 
and collected in the Büchner flask. This finding strongly suggests that both the carbon membrane 
morphological features and the vacuum pressure play a fundamental role in modulating the wet thin-
film on the permeate face of the membrane where percrystallisation occurs. If the vacuum pressure 
is not low enough, then the water evaporation rate from the wet thin thin-film is lower than the 
permeation rate of the solution from the feed side to the wet thin-film in the permeate side. Under 
these conditions, excess solution started flooding the permeate side, which conferred unattainable 
conditions for the single-step NaCl crystallisation and water evaporation. 
 
Fig. 4.6 NaCl and water fluxes as a function of permeate operating pressures (18, 22 and 26 mbar) 
for a membrane carbonised at 750 ºC. 
Fig. 4.7 presents SEM images of the dry NaCl crystals recovered at the end of the percrystallisation 
tests. The first general trend is that the membrane with the higher carbonisation temperature induced 
NaCl crystals morphological changes. For instance, the crystals produced by the membrane 
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carbonised at 650 ºC shows fairly regular particles with near cubic shapes. By raising the membrane’s 
carbonisation temperature to 700 ºC, the structure of the crystals became irregular and more inter-
grown. For the highest carbonisation temperature of 750 ºC, crystals shapes were less defined and 
more agglomerated. The histograms in Fig. 4.7 display average particle sizes of 2.8, 2.65 and 0.76µm 
for the carbonised membranes at 650, 700 and 750 ºC, respectively. The membrane carbonised at 
650ºC yield large number of NaCl particles between 1-3 µm in size, though also producing a small 
number of larger particles and skewing the distribution to a higher particle size average. The 
membrane carbonised at 700ºC predominantly delivered particles between 1-2 µm in size, whilst a 
wider spread of particle size distribution is observed. The membrane carbonised at 750ºC produced 
particles significantly different in terms of both particle sizes (< 1 µm) and size distribution. Indeed, 
the majority of the particle sizes are fairly well distributed around the mean value (0.76 µm). 
 
Fig. 4.7 SEM pictures and corresponding histograms of NaCl particles produced by percrystallisation 
as a function of membrane’s carbonisation temperature. Percrystalisation conditions: 18 mbar 
permeate pressure, feed solution temperature at 37ºC and NaCl concentration of 17.5 wt%. 
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Fig. 4.8 SEM pictures and corresponding histograms of NaCl particles produced by percrystallisation 
at various operating pressures and using a carbon membrane (carbonised at 750°C). Percrystallisation 
conditions: feed solution temperature at 37ºC and NaCl concentration of 17.5 wt%. 
The morphology of the dry NaCl crystals was also affected by the vacuum pressure as displayed in 
the SEM images in Fig. 4.8. It is clearly observed that the particle sizes became more regular and 
their shape better defined as the operating pressure is increased, with the particles obtained at 18 mbar 
having the most irregular morphology. The particles formed at 22 mbar show a more regular and 
cubic structure compared to those produced at 18 mbar, though particles with a non-regular shape 
were also observed. At the highest operating pressure of 26 mbar, NaCl crystals are generally regular 
in shape, thus conforming to a cubic structure. The histograms in Fig. 4.8 reveal mean particle sizes 
of 0.76, 10.95 and 7.4 µm for NaCl obtained at 18, 22 and 26 mbar, respectively. There is a significant 
difference between all three size distributions, clearly evidencing the effect of operational pressure in 
the formation of NaCl particles. However, the size distribution curves of the particles obtained at 22 
and 26 mbar can be considered as similar in the sense that outliers sizes (observed in all cases) are 
skewing the distribution to larger values (right side). Of particular interest are the particles formed at 
the lowest vacuum pressure (18 mbar). This lowest operating pressure produced the narrowest particle 
size distribution as compared to the wider values obtained at 22 and 26 mbar vacuum pressures. 
 
The histograms in Figs. 4.7 and 4.8 confirms the formation of very small NaCl particles with sizes 
below 8 µm for the membranes prepared 650°C and 700°C and even lower at 2.5 µm for the 
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membrane carbonised at 750 ºC. For the latter, an increase of the vacuum pressure up to 26 mbar led 
to the formation of larger NaCl particles reaching 35 µm. Nevertheless, these particle sizes are still 
one to two orders of magnitude smaller than those reported for polymeric membrane crystallisation 
with particle sizes of 20-200 µm and 300-1000 µm [9, 35]. Therefore, the membrane 
percrystallisation results in this work produced smaller NaCl particles with a narrower size 
distribution compared to those produced by polymeric membrane crystallisation. In other words, 
membrane percrystallisation offers a finer control for the production of NaCl crystals. 
 
Statistical analyses were carried out based on two sample t-tests for the particles formed as a function 
of the membrane carbonisation temperature and operating vacuum pressure. Table A4.1 (see 
appendix) reveals that there is no statistical evidence to support the difference in size between the 
NaCl particles produced by the membranes carbonised at 650 and 700 ºC. In the case of the membrane 
carbonised at 750ºC, Table A4.1 shows that the NaCl particles produced are statistically different 
from those obtained with the other membranes carbonised at lower temperatures. Table A4.1 also 
confirms that statistically different NaCl particles sizes were produced by changing the operating 
pressures. 
 
Fig. 4.9 displays the XRD patterns of the NaCl particles produced using membranes carbonised at 
different temperatures. All the XRD patterns are almost identical in peak positions. There are two 
major peaks at 2θ 31 and 45°, and several minor peaks at 2θ 28, 54, 56, 66, 75 and 83°. Based on the 
XRD patterns, the NaCl particles are assigned to a cubic (Fm-3m) structure with space group number 
225 (pdf file 01-077-2064). The only difference between the patterns is a slight increase of the peak 
intensities as a function of the carbonisation temperature of the membranes. 
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Fig. 4.9 XRD patterns of NaCl crystals produced by percrystallisation with sucrose derived 
membranes carbonised at 650, 700 and 750°C. 
An interesting aspect of the above results is that there is a relationship between the membrane 
morphology and the size of crystallites. The latter was determined by applying the Scherrer equation 
to the XRD patterns in Fig. 4.9. The first relationship in Fig. 4.10a shows the evolution of crystallite 
sizes with the membrane pore volume, as determined by mercury porosimetry (Fig. 4.4a). The second 
relationship in Fig. 4.10b shows the evolution of the measured water flux (Fig. 4.5) versus membrane 
pore volume. These results clearly show that the NaCl crystallite size decreases and water flux 
increases as a function of the membrane pore volume. These relationships explain that larger 
membrane pore volumes are able to transport more solution to the permeate face of the membrane 
where a wet thin-film is formed and percrystallisaton of NaCl takes place. As the water flux increases, 
so does the water evaporation which in turn induces an increase in the supersaturation index of NaCl 
in the wet thin-film. Consequently, faster nucleation rates impact crystal growth rates and causes the 
formation of smaller crystals [21]. This is the reason why crystallite sizes are smaller for the 
membranes delivering the highest water fluxes. 
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Fig. 4.10 (a) NaCl crystallite size versus pore volume and (b) water flux versus pore volume for 
sucrose membranes carbonised at various temperatures. 
The effect of water flux on the NaCl particle size formation was also investigated based on the 
membrane carbonisation temperature and operating vacuum pressure. Fig. 4.11a shows a relationship 
between NaCl particle size and water flux, where a fine control in average particle size is 
demonstrated for the membrane carbonised at 750 °C. As this membrane delivered the highest water 
flux, it formed the smaller particle sizes as well as a narrow particle size distribution. Fig. 4.11b shows 
the effect of permeate vacuum pressure on the formation of NaCl particle size. It seems that there is 
a need for a breakthrough condition as once permeate vacuum pressure is sufficiently low, particle 
sizes decrease noticeably. Again the finest particle size control is obtained at the highest water flux, 
which in this case is associated with the highest driving force for the lowest vacuum pressure at the 
permeate side. These results suggest that at the highest water flux, water evaporation from the wet 
thin-film on the permeate face of the membrane is very fast that NaCl crystals have short time to 
agglomerate only before being ejected. As a consequence, higher water fluxes tend to yield smaller 
particles, contrary to lower water fluxes which allow more time for NaCl crystals clustering and 
forming larger particles. 
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Fig. 4.11 NaCl particle size versus water flux (a) for the sucrose membrane carbonised at various 
temperatures and tested at 18 mbar, and (b) for sucrose membranes carbonised at 750 °C and tested 
at various pressures. 
4.7 Conclusion 
This work demonstrates the versatility of carbon membrane percrystallisation as a technology for the 
production of crystalline products with specific quality requirements. By differentiating membrane 
structure, it was possible to tune particle size, morphology, and crystallite size of produced NaCl 
crystals. Variations of operating pressures were less sensitive to NaCl particle size control until a 
sufficiently low permeate vacuum pressure was set, where a breakthrough condition for fine particle 
size was attained. The finer control of NaCl crystallite size, particle size and narrower particle 
distribution (<2 µm) was achieved with the membrane carbonised at the highest temperature of 750 
°C. This membrane carbonisation temperature conferred the highest pore volume, and in turn the 
highest water flux. As NaCl percrystallisation occurred at the wet thin-film on the membrane face at 
the permeate side, the fast water evaporation rate enhanced nucleation and crystallisation. Under fast 
water evaporation rate, NaCl crystals were ejected from the membrane surface, thus reducing their 
particle aggregation and restricting the crystal growth. The morphological features of the carbon 
membranes played an important role in controlling percrystallisation process, in addition to tuning 
the particle size and crystallite size of NaCl. These are important parameters to spur the novel 
membrane percrystallisation technology to other industrial applications. 
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4.8 Appendices 
Table A4.1 Compilation of t-tests for average NaCl particle sizes based on the membrane 
carbonisation temperature or operating pressure conditions. 
Membrane  Comparison p-value 
650ºC:700ºC 0.67 
650ºC:750ºC 3.1E-11 
700ºC:750ºC 4.8E-08 
18mbar:22mbar 2.2E-16 
18mbar:26mbar 7.7E-11 
22mbar:26mbar 2.9E-03 
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Chapter 5: Novel Membrane Percrystallisation Process for Nickel Sulphate 
Production  
5.1 Introduction 
This Chapter was submitted to the Chemical Engineering Journal 26th of September 2018. This work 
further investigates the importance of membrane characteristics and operating conditions in crystal 
characteristics, and as such, adds to the fourth contribution to knowledge. This work is focused on 
the percrystallisation of the high-value compound nickel sulphate. It investigates the importance of 
carbon membrane morphology and operating conditions, which were correlated to the hydration state 
of the formed salt. Further, the effect of temperature was investigated to determine the apparent 
activation energy for percrystallisation of nickel sulphate, as an important parameter in the 
percrystallisation process.   
5.2 Contributions 
In this experimental chapter, I carried out all experimental work including membrane production, 
percrystallisation testing and TGA, Helium pycnometry, SEM, and XRD were all contributions 
carried out by Dr Julius Motuzas. The major findings of this chapter were mainly as a result of data 
analysis that I carried out. I was responsible for the initial draft of this chapter, with additional 
feedback from Dr Julius Motuzas, Dr James Vaughan, Dr Anne Julbe and Prof João C. Diniz da 
Costa. 
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Highlights 
Crystal formation and solvent/solute separation in a single-step. 
High flux of water (22 L m-2 h-1) and nickel (1 kg m-2 h-1).  
The carbon membrane’s morphology affected the hydration state of the crystal.  
High water flux formed pure NiSO4 heptahydrate and lower flux both hepta-hexahydrate. 
Low apparent activation energy of 16 kJ mol-1 for nickel sulphate percrystallisation. 
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5.3 Abstract 
This work investigates the performance of inorganic membrane percrystallisation for processing 
nickel sulphate. In this novel process, the separation of the solvent (water) and the crystallised solute 
(nickel sulphate) occurs continuously in a single-step, avoiding further downstream processing 
(crystal filtering and drying). The inorganic membranes were synthesised from sucrose solutions 
followed by a post vacuum-assisted impregnation of the coated film on -alumina substrate and 
carbonisation under nitrogen atmosphere. The sucrose concentration affected the morphological 
features of the resultant membranes, and likewise the transport properties. Lower sucrose 
concentrations delivered membranes with the highest pore volume where resistance to the diffusion 
of solution was the lowest. As a consequent, the flux of water and nickel 22 L m-2 h-1 and 1 kg m-2 h-
1 (40 g L-1) were the highest, respectively. Interestingly, the transport of solution through the 
membrane also affected the hydration state of the nickel sulphate crystal. Under equilibrium, high 
water fluxes delivered pure nickel sulphate heptahydrate whilst lower water fluxes produced both 
heptahydrate and hexahydrate salts. The latter case was attributed to the lower amount of water 
available for producing the heptahydrate state, resulting in a fraction of nickel sulphate hexahydrate. 
Finally, low apparent activation energy of 16 kJ mol-1 for the crystallisation of nickel sulphate was 
achieved, thus demonstrating the potential of membrane percrystallisation. 
.  
Keywords: Inorganic carbon membrane; carbon structure; percrystalisation; nickel sulphate; crystals. 
 
1. Introduction  
Owing to the electrochemical and electric properties [1-4], nickel has been gaining increased interest 
by the research community. One of major applications is the incorporation of nickel in cathode [5, 6] 
and in perovskites for bi-functional catalytic material for lithium ion batteries [7], as connectors for 
current collectors [8] as well as in capacitors [9,10]. Indeed the electronic market has spurred research 
into higher capacity batteries, where nickel is one of the key components. As a consequence, the 
portable battery market has been the driving force for the ever increased demand in nickel precursor 
production such as nickel sulphate (NiSO4) [11, 12]. Nickel sulphate is most commonly obtained by 
the dissolution of nickel metal or nickel containing intermediates in a sulphuric acid solution. 
Subsequently, the solution is processed downstream in a crystallisation process employing solvent 
displacement or extraction, such as vacuum evaporation with seeding, in order to attain high-quality 
nickel sulphate [13-16]. 
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The crystallisation of solutes is an important industrial unit operation widely used for the production 
of a range of products such as sodium chloride [17, 18], paracetamol [19], struvite [20] and nickel 
sulphate [4, 14] to name a few. Conventional crystallisation processes are energy intense [21, 22] and 
have sluggish production rates requiring large plant footprints [23] in addition to challenges to control 
the reaction kinetics leading to inconsistent quality products [24]. In recent years, research has been 
focused on the development of new crystallisation technologies to address the shortcomings of 
conventional and mature crystallisation processes. One of these technologies is membrane assisted 
crystallisation. To date, a range of polymeric membranes have been described for use in the 
crystallisation of sodium chloride, magnesium sulfate hydrate [25], lithium chloride [26] and sodium 
carbonate [27], or recovery of sodium chloride from reverse osmosis (RO) brines [28, 29], in addition 
to pharmaceutical products such as lysosome [30] and protein [31].  
 
Inorganic membrane technology has only recently been proposed for assisting crystallisation 
processes. In early 2018, Motuzas and co-workers [32] pioneered a novel continuous crystallisation 
process which resulted in a one-step separation of solvent and dry crystals by employing an inorganic 
membrane. This work showed the potential of using porous carbon membranes for the production of 
crystals for various industrial segments such as hydrometallurgy, pharmaceutical, food and chemical 
industries.  In a subsequent work, Madsen et al. [33] reported that the size of the resultant sodium 
chloride crystals were controlled by the conditions used to prepare the porous carbon membranes and 
operating process conditions. For instance, average particle crystal size of 2.5 µm were obtained by 
inorganic membranes, much smaller by up to two orders of magnitude than those of 20-200 µm and 
300-1000 µm [29, 34] reported for polymeric membranes. Therefore, inorganic membranes are 
opening a window of research opportunities to develop new percrystallisation processes in chemical 
engineering. 
 
This work demonstrates for the first time the use of carbon membranes for the percrystallisation of 
nickel sulphate, where operation conditions affect the hydration state of the formed salt. This work 
also shows that membrane percrystallisation is an effective way of crystallising the solute whilst 
concomitantly separating the solvent (water) from the target salt in a single-step process. The effect 
of carbon content in the membrane and testing conditions on water and nickel fluxes were 
investigated. A number of characterisation techniques were used to analyse the membrane 
morphological features such as scanning electron microscopy and helium pycnometry. The formed 
crystals were also analysed by scanning electron microscopy, thermogravimetry and X-ray diffraction 
to determine the particle size, morphologies and the degree of hydration of the resultant salt. 
 
Chapter 5: Novel Membrane Percrystallisation Process for Nickel Sulphate Production 
Page | 74  
5.2 Experimental 
5.2.1 Membrane preparation and characterisation 
Membrane coating solutions were prepared by dissolving 20, 30, 40 and 50 wt % sucrose (>99.8% 
Chem-supply) into demineralised water. The solutions were mixed, followed by 30 minutes of 
sonication. Subsequently, the solutions were used to dip-coat tubular α-alumina substrates (Ceramic 
Oxide Fabricators, Australia). The substrates had a mean pore size of 0.1 µm, a total length of ~4 cm, 
external and internal diameters of 1 and 0.45 cm, respectively. Dip coating was performed on the 
outer shell of the α-alumina support. Each tube was submerged in a solution for three minutes, with 
a submersion and withdrawal speed of ~31 cm min-1. After dip coating, vacuum (<1.3 mbar) was 
applied through the inner shell of the tube, causing partial impregnation of the sucrose top layer coated 
into the α-alumina tube. The impregnated supports were dried overnight at 60 °C before being 
carbonised in an inert nitrogen atmosphere at 750 °C. The heating and cooling ramps were 5 °C min-
1 with a dwell time of 4 h. After carbonisation, both ends of the membrane tube were coated with 
Protek type N blue solvent cement to create a sealing area. The final active length of the membrane 
tube was ~3 cm for percrystallisation testing.  
 
The morphology of the membranes were analysed by scanning electron microscope (SEM), using a 
Jeol JSM-7001F SEM with a hot (Schottky) electron gun and an acceleration voltage of 5 kV. As 
prepared carbon membrane samples were crushed and annealed in air using thermogravetric analysis 
(TGA-DSC1 Mettler Toledo) to determine the carbon content. The heating rate was set to 10 °C min-
1 and the maximum temperature was set to 1000 °C with a dwell time of 30 minutes. Pore volumes 
of the membranes (including substrate) were measured by an AccuPyc 1340 Gas pycnometer at room 
temperature using helium (99.995% purity). The samples were initially degassed by applying 
vacuum, and purged with helium before measuring the volume ten times to obtain an average value. 
 
5.2.2 Membrane testing and Nickel Sulphate characterisation  
Fig. 5.1 shows a schematic of the membrane percrystallisation setup used in this work. Nickel 
sulphate solutions were prepared by dissolving amounts of NiSO4⋅6H2O (≥ 98% Chem-Supply) in 
demineralised water to acquire the desired nickel concentrations (10, 40, 70, and 100 g L-1). The 
solutions were heated up to specific temperatures (30, 40, 50, and 60 °C) and fed through the inner 
shell of the membrane tube using a peristaltic pump with a flow rate of ~31 L h-1 to reduce potential 
concentration and temperature polarisation effects. A Büchner flask was utilised as a container for 
housing the membrane which was connected to a cold trap (submerged in liquid nitrogen), followed 
by an isolation valve and a vacuum pump. The percrystallised nickel sulphate crystals were collected 
in the Büchner flask and the solvent (water) in the cold trap. The percrystallised nickel sulphate 
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samples were dissolved in a known volume of water to determine the solution’s conductivity. The 
fluxes were calculated by using standard curves of concentrations vs conductivity. 
 
Fig. 5. 1 Schematic of percrystallisation setup used for one-step separation of NiSO4 and water. 
 
Percrystallised nickel sulphate samples were subsequently removed from the crystal collection 
chamber for further characterisation using the SEM and TGA equipment above described.  In this 
case, TGA analysis was used to quantify the mass of dry nickel sulphate by heating the powder up 
to 800 °C with a heating rate of 10 °C min-1. In addition, the dry powder was also studied by X-Ray 
Diffraction (XRD) to determine their crystalline structure. XRD was carried out using a Rigaku 
Smartlab X-ray diffractometer at 45 kV, 200 mA, having a step increment of 0.02° and a step speed 
of 4°min-1 with filtered Cu Κα radiation (λ=1.5418 Å). 
 
5.3 Results and discussion  
5.3.1 Membrane percrystallisation process 
The transport of solute and solvent in membrane percrystallisation is schematically idealised in Fig. 
5.2. Both water and ions permeate from the feed side (inner shell) to the permeate side (outer shell) 
of the membrane. The thin carbon film on the permeate side provides the ideal conditions for the 
formation of a wet thin film under pervaporation. Without the formation of this wet thin film, 
continuous percrystallisation is not attained. The wet thin film plays a fundamental role in this 
process. Under equilibrium conditions, the amount of water evaporating from the thin wet film is 
replenished by water diffusing through the membrane tube and top carbon film. As water evaporates 
from the wet thin film, it provides the ideal conditions for supersaturation, leading to nucleation and 
crystallisation of nickel sulphate. This is the reason why this novel membrane concept is called 
percrystallisation, where both solvent and solute permeate through the membrane, followed by 
crystallisation of the solute at the permeate side. The pressure difference between the feed and 
permeate results in continuous ejection of formed crystals from the surface of the wet thin film. The 
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heavier crystals tend to fall to the bottom by gravity whilst the lighter solvent vapour can be recovered 
from the top for further re-use. This is the only membrane process that separates liquids from solids 
in a single-step. A video in supplementary information shows visually how the membrane 
percrystallisation process takes place. 
 
Fig. 5. 2 Idealized illustration of the membrane percrystallisation mechanism. 
 
 
Fig. 5. 3 Simplified process flow diagrams of (a) membrane percrystallisation and (b) membrane 
crystallisation. 
 
In terms of chemical engineering processes, there are many advantages of using the novel membrane 
prescrystallisation. Fig. 5.3 depicts the conventional membrane crystallisation and membrane 
percrystallisation process flow diagrams. In the case of the former, only the solvent permeates through 
polymeric membranes, resulting in the formation of crystals on the feed side of the membrane. These 
crystals subsequently required downstream processing, namely filtering and drying. In the case of 
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membrane percrystallisation, it is a single-step process only where both solvent and solute are 
separated simultaneously in a single process at the permeate side of the membrane. This type of 
process is envisaged to deliver major operational and capital savings in crystallisation, thus 
dispensing the need for extra costs associated with additional downstream units and thermal energy 
to dry crystals, in addition to effective solvent recovery. 
 
5.3.2 Membrane percrystallisation characterisation and performance 
Fig. 5.4a presents the pore volume as a function of the sucrose concentration used to prepare the 
membranes. The general evolution of pore volume decreases slightly as the precursor solution is 
increased in concentration. This is attributed to the increase of sucrose mass deposition during dip 
coating of the substrate. This is demonstrated by TGA results derived from the carbonisation of 
sucrose as shown in Fig 5.4b, where mass loss increased almost linearly from 1.0 to 3.1 wt % as the 
concentration of the dipping solution changed from 20 to 50 wt %, respectively. This finding indicates 
that the changes of carbon content deposited on the α-alumina support was linear to the sucrose 
concentration.  
 
Contrary to the -alumina substrate which has a white colour, the dark black colour of the membranes 
is associated with the carbonisation of the deposited sugar solution at high temperatures. It should be 
noted that the dark colour is uniform throughout the membrane tubes, as previous works using other 
carbon precursors such as P123 (triblock co-polymers) in silica [35] or phenolic resin [36] have not 
yielded a dark colour throughout the cross section of the membrane. This observation may be directly 
related to the short chain of the sugar molecules in aqueous solutions used in this work, which can 
easily diffuse through the large pores of the -alumina substrate via capillary forces by contact a dry 
solid surface to liquid solution [37]. In the case of long chain carbon precursors previously reported, 
these tend to aggregate to form films and their diffusion is hindered throughout the -alumina 
substrate. Finally, a colour gradient is observed in Fig. 5.4c as the membranes prepared with the lower 
concentration resulted in a lighter dark colour while the highest concentration yielded the darkest 
colour. The colour gradient is clearly associated with the mass of sugar retained during the dip coating 
method, which in turn is a function of the concentration of the solution as ascertained in Figs. 5.4a 
and 4b. 
Chapter 5: Novel Membrane Percrystallisation Process for Nickel Sulphate Production 
Page | 78  
 
 
Fig. 5. 4 a) Pore volume in membrane material, as a function of dipping concentration; b) carbon 
mass content in membrane material after carbonisation as a function of sucrose concentration used 
for dip coating; c) images of the cross-section of carbonised sucrose membranes at various 
concentrations. 
 
Fig. 5.5a shows the fluxes of water and nickel crystals produced by the membrane percrystallisation 
process at a feed temperature of 40°C and a feed concentration of 40 g L-1 nickel. Although the nickel 
crystals and solutions are indeed nickel sulphate, in this work we report their values based on the 
mass of nickel only, as nickel sulphate may contain different hydration states. The initial finding is 
that all the prepared membranes in this work were able to continuously percrystallise nickel sulphate 
hydrates. Further, there is a decreasing trend in both water (from 22 to 13 L m-2 h-1) and nickel 
production (from 1.0 to 0.77 kg m-2 h-1) as the sucrose solution used to prepare membranes increased 
in concentration. These changes equate to a 40% and 45% decrease in water percrystallised nickel 
fluxes, respectively. These trends are well-aligned with the pore volume as well as carbon content 
results in Figs. 5.4a and 5.4b. This finding suggests that the lower carbon content retained by the 
membrane prepared with 20 wt% sucrose solution delivered the best structural modulation for 
percrystallisation, which yielded the best permeation and evaporation performance. Fig. 5.4b shows 
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the single pass percrystallisation nickel recovery ratio of 4.3%, representing the flux through the 
permeate over the retentate (JNi (JNi + JH2O)-1×100). This recovery ratio can be improved by reducing 
the solution feed flow rate. However, in this work, a high feed flow rate was used to reduce the effects 
of concentration and temperature polarisation. 
 
Fig. 5. 5 . (a) Water and nickel fluxes and (b) nickel single pass recovery ratio as a function of the 
sucrose concentration used for membrane preparation. Testing conditions were nickel feed 
concentration of 40 g L-1 and a temperature of 40 °C. Nickel mass based on nickel sulphate hydrates. 
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Fig. 5. 6 (a) Water and nickel fluxes and (b) nickel recovery ration as a function of nickel feed 
concentration. Testing conditions included a membrane dip-coated in 20 wt % sucrose solution 
concentration at a temperature of 40 °C. Nickel mass based on nickel sulphate hydrates. 
 
Fig. 5.6a shows the nickel and water fluxes for the carbon membrane prepared with 20 wt% sucrose 
solution as a function of the feed nickel solution concentration. It is observed that the water production 
rates decreased by 66 % (from 30 to 10 L m-2 h-1) as the feed concentration of nickel increased, while 
the opposite is true for the nickel fluxes, which increased by 373% (from 0.28 to 1.3 kg m-2 h-1). The 
highest nickel flux is equivalent to 11,388 kg per year for 1 m2 of membrane area, a high annual 
production rate. The decrease in water flux is consistent with work done on membrane distillation 
systems with highly concentrated solutions [25, 38]. This is attributed to the decrease in the driving 
force, as the partial pressure of water decreased as the concentration of the nickel increased. Likewise, 
the increase in nickel flux is also directly associated with the driving force, as the concentration of 
nickel in the feed solution also increased. The observed plateau in the nickel flux at nickel feed 
concentrations of 60 mg L-1 is attributed to process limitations. In this case, the percrystallisation 
process is mainly controlled by the evaporation of water from the wet thin film as depicted in the 
schematic in Fig. 5.2. As the water evaporation greatly reduced for high nickel feed solutions, this 
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caused a reduction of the permeation of feed solutions through the feed side to the permeate side, thus 
explaining the reduction of nickel flux.  
 
Fig. 5. 7 (a) Water and nickel fluxes and (b) nickel recovery ratio as a function of operating 
temperature. Testing conditions included using a carbon membrane dip coated in 20 wt % sucrose 
solution and a feed nickel concentration of 40 g L-1. Nickel mass based on nickel sulphate hydrates. 
 
Fig. 5.7a presents the fluxes of nickel and water, using the best performing 20 wt% sucrose carbonised 
membrane, with a nickel feed concentration of 40 g L-1 while varying the operating temperature. A 
near linear trend in water and nickel production rates are observed, with water increasing by 76% 
(from 16 to 29 L m-2 h-1) accompanied by nickel flux increase of 80% (from 0.73 to 1.3 kg m-2 h-1). 
By increasing the temperature of the feed solution, the driving force (temperature gradient) increases. 
As a result, more water is evaporated from the wet thin film and concomitantly also increasing the 
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nickel crystal flux. The recovery ratio in Fig. 5.7b follows a horizontal linear trend, thus indicating 
the theoretical recovery ratio of nickel to water in a single pass under the testing feed flow rate. 
 
 
Fig. 5. 8 Arrhenius plot of evaporation of water and percrystallisation of nickel sulphate, using a 
carbon membrane dip coated in 20 wt % sucrose solution and a feed nickel concentration of 40 g L-
1. 
 
Fig. 5.8 shows the apparent activation energy for water of 15 kJ mol-1 and nickel of 16 kJ mol-1 
required in the membrane percrystallisation process. These values were calculated based on an 
Arrhenius-type equation using the natural logarithm to the flux over the feed temperature. The 
apparent energy of activation for both evaporation of water and percrystallisation of nickel sulphate 
were both found to be in the range of diffusion controlled reactions in water [39-41]. The apparent 
activation energy for the flux of water (15 kJ mol-1) is comparatively lower than what is found in 
work investigating pervaporation and membrane distillation processes which is reported to be in the 
range of 15 to above 50 kJ mol-1 [42-49]. This means that the energy barrier for water flux in 
membrane percrystallisation is lower. Water evaporation from the wet thin film is a paramount aspect 
of membrane percrystallisation, in turn controlling the nickel fluxes. Hence, the lower apparent 
activation energy of water fluxes are also accompanied by lower apparent activation energy of nickel 
fluxes. In other words, membrane percrystallisation requires less energy to crystallise nickel sulphate 
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as compared to other crystallisation processes such as laboratory-scale fluidised-bed crystallisers, 
with an apparent activation energy calculated at 70.5 kJ mol-1 [50].  
 
5.3.3 Crystal Characterisation 
The produced solutes were analysed by XRD, where the diffraction patterns of the obtained samples 
are given in Fig. 5.9. A key finding based on the XRD patterns is that the solutes produced by the 
carbon membranes derived from40 wt % and 50 wt % sucrose solutions, or using high feed 
concentration of 100 g L-1, exhibited diffraction peaks consistent with nickel sulphate hexahydrate 
and heptahydrate. In all the other samples only the peaks assigned to nickel sulphate heptahydrate 
were detected. These results show the relationship between the crystal structure and the transport 
properties of the membranes. 
 
 
Fig. 5. 9 (a) XRD patterns of nickel sulphate crystals produced by (a) the carbon membranes prepared 
with various sucrose concentrations and (b) various nickel feed concentration. Peaks assigned to 
nickel sulphate hexahydrate are noted by * and are summarised by 2θ = 13.9, 19.1, 20.9, 30.7 and 
32.8. XRD files for nickelsulphate hexadydrate (PDF 01-075-0364) and heptahydrate(PDF 01-077-
0681). 
 
The formation of different crystalline phases is directly related to the mechanism of membrane 
percrystallisation in Fig. 5.2, in particular by the role played by the wet thin film in evaporating the 
solvent (water). The solvent evaporation rate is modulated by the flow of solution from the feed to 
the permeate surface of the membrane which is critical in the formation of solute crystals. A 
detectable amount of hexahydrate crystals was obtained by the membranes prepared with higher 
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sucrose concentrations (40 and 50 wt %). These membranes had the lowest water fluxes (Fig. 5.5). 
As the vacuum pressure was constant on the permeate side of the membrane during testing, this means 
that the increase in the sucrose concentration in the carbonised membrane increased the resistance to 
solution diffusion from feed to permeate side. As less water was available for the production of 
crystals with hepthydrate phase, as a consenquence hexahydrate crystals were also formed during 
percrystallisation. In a similar fashion, hexahydrate phase was also formed for feed solutions of nickel 
feed concentration of 100 g L-1, again accompanied by lower water evaporation (Fig. 5.6). 
 
 
Fig. 5. 10 SEM images of percrystallised samples (a) pure heptahydrate crystal phase produced by a 
20 wt % sucrose derived carbon membrane and (b) hexahydrate and heptahydrate phase produced by 
a carbon membrane using 40 wt % sucrose solution. Testing conditions at 40 °C and a feed nickel 
concentration of 40 g L-1. 
 
Morphological studies by SEM imaging show differences between the pure heptahydrate (Fig. 5.10a) 
and mixed hepta/hexahydrate (Fig. 5.10b) crystals. The pure nickel sulphate heptahydrate salts are 
generally elongated and laminar crystal particles, forming aggregates with dimensions of ~200 µm. 
The samples containing nickel sulphate hepta/hexahydrate mixtures resulted in morphological 
features that approximate spherical particles (also ~200 µm) with cavities, suggesting imperfections 
in the growth of the particles. These findings suggest that there is a relationship between the 
morphology of the produced particles, as a direct result of the diffusion of solution from the feed to 
the permeate side and the hydration state of the crystals 
 
5.4 Conclusion 
This work demonstrates how carbon membrane percrystallisation as a technology is promising for 
the production of crystalline products with efficiency as well as control over polymorphic states of 
the crystals. By tuning carbon content and nickel concentrations it was possible to attain products 
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with differing hydration states. Restrictions on the transport of water to the surface of the membranes, 
causes the attained nickel sulphate crystals to form with a lower hydration state. The ability to tune 
solute polymorphs is a promising aspect for compounds like pharmaceuticals as well as other 
crystalline products where the control of the crystalline state is important. It was additionally found 
that percrystallisation is an effective approach for evaporation of water, with apparent activation 
energies being lower than those reported in typical pervaporation type processes. Perhaps even more 
significant, percrystallisation of nickel sulphate has a lower activation energy compared to other a 
conventional crystallisation approaches. As a summary, percrystallisation is a novel and exciting 
process that has promising qualities in a diverse set of possible applications.  
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Supplementary Information 
Please click at the icon below for a video showing the laboratory set up where a solution of nickel 
sulphate is fed through the inner shell of a porous carbon membrane tube. The percrystallised nickel 
sulphate settles on the bottom of the flask, at the permeate side (i.e., outer shell) of the porous carbon 
membrane tube. 
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Chapter 6: Conclusions and Suggestions 
6.1 Conclusion  
This thesis sought to extend the body of knowledge in membrane crystallisation by focusing on a 
novel inorganic membrane to assist the crystallisation process. The membranes were synthesized by 
coating a sucrose solution on α-alumina substrates followed by carbonisation using an inert gas. 
Subsequently, the membranes were tested for percrystallisation performance using an array of 
different solutes used in hydrometallurgy, food, pharmaceutical and chemical products, with a 
specific focus on two: sodium chloride and nickel sulphate hydrate. There are a number of major 
findings from this thesis, as demonstrations of contribution to knowledge, which are of particular 
significance to the innovation of membrane assisted crystallisation processes.  
The first contribution to knowledge from this thesis is the first demonstration ever of inorganic 
membranes for crystallisation. Indeed porous carbon membranes proved to be ideal based material to 
achieve crystallisation. A fundamental aspect of this demonstration was the discovery of the 
importance of controlling the pore size of the carbon membranes.  For instance, crystallisation was 
attained at the specific pore size range (3≤ dp ≤ 9 nm). In the case of inorganic membranes with 
smaller (0.5 nm - silica) or larger pores (~150 nm - alumina), these pores proved to be too small for 
crystal formation, or too large leading to pore wetting. The carbon membranes also proved to be 
flexible for crystallising a range of tested solutes such as an analgesic paracetamol, Vitamin C, several 
salts and oxalic acid. The percrystallisation rates were impressive with KCl being produced at 55,000 
kg m-2 year-1 as an example. This first contribution proves the major postulation in this thesis that 
inorganic membranes can be used for assisted crystallisation, and a second postulation that assisted 
crystallisation can be achieved by carbon derived membranes. 
The second contribution to knowledge is the first demonstration of solvent and solute crystals 
separation in a single step process. This major finding is directly associated with the formation of a 
wet thin film at the permeate side of the membrane, which plays a fundamental role in this discovery. 
This is contrary to the conventional polymeric membrane assisted crystallisation which requires three 
steps: crystallisation of the solute at the feed side, crystal separation from a solution by filtering and 
crystal drying. This is a non-trivial innovation to membrane assisted crystallisation processes, as it 
allows for chemical engineering process designs to be simplified, resulting in significant reduction in 
capital operational costs of plants, as well as reduction of plant footprint.    
The third contribution is the first demonstration of a novel percrystallisation transport mechanism. 
The porous structure of the membranes enables diffusion of the solution (containing both solvent and 
solute) from the feed to the permeate side of the membrane. When vacuum is applied, a vapour-liquid-
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vapour interface (i.e. wet thin film) is formed on the permeate side of the membrane. Under these 
conditions at equilibrium, the morphology of the membrane modulates the transport of the solution 
and avoids pore wetting (i.e. flooding). The wet thin film is believed to be paramount for in this 
assisted crystallisation process, as it allows for effective heat and mass transfer at the triple phase 
interface. Under vacuum conditions, fast evaporation of solvent results drops the temperature at the 
wet thin film, which in turn increases the driving force for the bulk solution diffusion from the feed 
to the permeate side.  Fast evaporation at the vapour-liquid-vapour interface drives supersaturation 
of the solute, resulting in nucleation and crystals growth. Once sufficiently large, the heavier crystals 
are ejected from the surface of the permeate side of the membrane with assistance from the pressure 
differential. This simultaneous solvent evaporation and solute nucleation/growth is what allows for 
the single step separation of the solvent and solute. This new transport mechanics was therefore called 
percrystallisation which is compounded by the permeation of the solution, crystallisation and 
separation of solvent and crystals in a single step. 
The final and fourth contribution to knowledge is the effect of membrane morphology and operating 
conditions on crystal formation. Percrystallisation offers tremendous potential for control over 
features of the produced crystalline products. As an example, by using a sucrose based carbon 
membrane carbonised at 750 °C with an operating pressure of 18 mbar, NaCl crystals were formed 
with a mean particle size of less than 2 µm, two to three orders of magnitude smaller than conventional 
polymer membrane crystallisation results in the range of 20-1000 µm. By changing either the 
carbonisation temperature or the operating pressure, NaCl crystals with means of particle size of 7.4 
µm were formed. In another example, the hydration state of nickel sulphate could be changed from 
hepta and hexa hydrated by restricting the flux of solvent to the surface of the membrane. This was 
achieved either by depositing more carbon material (by using 40-50 wt % sucrose instead of 20 wt 
%) or by increasing the nickel feed concentration (from 10 g nickel per L to 100 g L-1). These 
examples provide the proof of concept of the product qualities that can be controlled by altering the 
morphological features of the membrane or the operating conditions. 
In summary, these contributions to knowledge demonstrate the potential of inorganic membranes 
utilisation in membrane assisted crystallisation. The unique transport phenomena of inorganic 
membrane percrystallisation, coupled with the flexibility of these membranes to crystallise solutes 
hydrometallurgy, food, pharmaceutical and chemical products, opens a window of research 
opportunities into crystal control. As it stands, percrystallisation is a promising technology with 
compelling qualities for application in many different industries.   
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6.2 Recommendations  
This MPhil thesis has just scratched the surface on the new discovery of inorganic membrane 
percrystallisation. Indeed, percrystallisation via inorganic membranes is a novel concept, and further 
research should be carried out in order to determine future prospects of this technology. The following 
list of recommendations is not exhaustive, though it is provided to elucidate the next stages in the 
research and development of this novel technology. 
1. The range of possible solutes that this technology can crystallise should be further 
investigated. Special attention should be given to high-value products such as pharmaceuticals 
and food additives.  This could include small organic compounds or even proteins. There is 
also a range of hydrometallurgical compounds with high interest for applications in energy 
storage such as lithium salts. The range of compounds can be very large indeed. 
2. Modelling of the percrystallisation transport mechanisms should be pursued in view of the 
complexity associated with mass and heat transfer, coupled with nucleation and 
crystallisation, all in a single-step process.  
3. The effect of contaminants in percrystallisation should be investigated. There are possible a 
number of questions to be addressed such as would these contaminants cause (i) membrane 
fouling, or (ii) affect crystal size and morphology, as examples. 
4. Pilot-scale and long-term continuous experiments should be conducted to show the potential 
of this technology for industrial uptake. 
 
